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The vapour etching of sacricial layers is often a critical process in the fabrication
of micro/nano electromechanical systems (MEMS/NEMS) sensors. Compared to wet
etch methods, it has several advantages. Smaller devices can be fabricated because
stiction does not occur, sample cross-contamination can be avoided, and it is safer to
operate. However, in contrast to wet etching, signicantly lower etch selectivities are
reported in the literature and observed by industry practitioners, limiting both this
release method’s and MEMS/NEMS sensors potential.
This work aims to improve the etch selectivity for the most commonly used vapour
etch processes, the silicon etching with xenon diuoride (XeF2) and hydrogen uo-
ride (HF) etching of silicon dioxide.
A novel test structure and measurement methodology that allows the accurate se-
lectivity determination for a number of materials and resembles MEMS fabrication
conditions was developed, fabricated and characterised.
The selectivity of XeF2 vapour etch processes were characterised with this methodol-
ogy. It was observed that materials such as silicon nitride, which are commonly inert
to XeF2 etched when located close to the sacricial layer, and methods to improve the
selectivity were evaluated. Firstly, it was observed that reducing the processing tem-
perature from 25 to 10 °C increases the silicon (Si) to silicon nitride (SiN) selectivity
by 68 %. Secondly, the Si: PECVD SiN selectivity improved by an order of magnitude
and the Si: LPCVD SiN selectivity between 200 % and 600 % when moderate amounts
of hydrogen were added to the processing gas mixture.
In contrast to xenon diuoride vapour etching, a catalyst (water or alcohol) and the
iii
formation of a thin liquid layer on the sample is required to facilitate hydrogen uo-
ride vapour etching. To improve the limited process control resulting from the com-
plex condensation phenomena, a novel model, which calculates the partial pressures
of the individual gas components to establish vapour pressure within the gas phase,
was developed and characterised.
It was observed that vapour HF etching behaves similar to wet HF etching under these
controlled conditions. The silicon dioxide to silicon nitride selectivity was demon-
strated to improve by 150 % when reducing the processing temperature from 20 to 5
°C and by 166 % when increasing the liquid lm’s HF concentration from 20 – 90 %.
The methods developed in this work substantially improve the vapour etch selec-
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The term microelectromechanical systems (MEMS) sensors nowadays refers to a large
group of sensors which share two common properties. Firstly, their dimensions typ-
ically range between 1 µm and 1 mm and secondly they integrate both electrical and
non-electrical components. MEMS sensors are used in a great variety of devices
across a broad range of sectors. For instance, they are used to trigger the airbags
and measure the tyre pressure in modern cars, record sound in our smartphones or
measure the intervascular blood pressure during surgery.
This work focuses on a subgroup of MEMS sensors which use free-standing struc-
tures as transducers to sense physical properties, such as for example sound [1][2],
pressure [2], acceleration [2] and gas concentrations [2]. MEMS sensors are fabri-
cated in batch processes [3]. The methods and tools used are similar to those used for
integrated circuits [3]. The shared processing techniques are benecial because often
MEMS need to be combined with ICs in order to be integrated into larger electronic
systems [4]. MEMS sensors are built by a device-specic process sequence which de-
posits layers of materials with dierent physical properties and patterns those layers
to resemble the desired layout [3]. Over time, more and more fabrication processes
have been developed which are specic to the manufacture of MEMS devices, such as
bulk micromachining [5], wafer bonding [6] and deep reactive ion etching of silicon
and glass [7]. Of particular interest to this work are etching techniques developed to
remove sacricial material or bulk silicon in order to release free-standing structures.
In many cases, the performance and cost advantages in MEMS sensing applications
Chapter 1. Introduction 2
Figure 1.1: A schematic depiction of the release of free-standing struc-
tures by sacricial layer etching on the example of a cantilever. (a)
shows the cantilever being supported prior to etching. (b) shows the
free-standing cantilever after the sacricial layer has been removed.
derive from their small dimensions [8]. Therefore, it has been desirable to reduce the
size of some MEMS sensors. This trend has continued in both research and industry,
with dimensions being reduced into the nanoscale, to result in so called NEMS de-
vices.
However, the translation of the MEMS fabrication methods towards NEMS is chal-
lenging because the large surface to volume ratios occurring at the nanoscale result
in surface eects such as electrostatics, wetting and molecular adhesion which com-
plicate fabrication steps such as the release etch of free-standing structures [8].
1.2 Sacricial Layer Etching
A free-standing structure is formed by depositing the structural layer over a sacricial
layer, which is subsequently removed with an etch step. For easier understanding, a
simple diagram is displayed in gure 1.1. It is a key process in the fabrication of
microelectromechanical systems and highly critical for device functioning and pro-
duction yields.
Silicon dioxide is a commonly used sacricial layer and most commonly it is removed
by wet etching the SiO2 in hydrogen uoride (HF) based solutions [9]. However, if re-
quired by the device-specic fabrication process, other sacricial layer / wet etchant
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combinations can be used. For instance, GaAs sacricial layer can be etched by suc-
cinic acid ((CH2)2(CO2H)2) and germanium sacricial layer can be etched by either
HNO3/H2O/HCl or H2O/H2O2/HCl solutions [10] [11]. It is even possible to use the
bulk silicon as the sacricial layer. Sugiyama et al. [12] released a free-standing
membrane by anisotropically etching the bulk silicon of the wafer, for which they
recommended the use of either potassium hydroxide (KOH) or tetramethylammo-
nium hydroxide (TMAH). In general, the wet etch process is straightforward. The
patterned wafers are submerged within a bath lled with the etchant, which reaches
the sacricial layer through specically designed access holes or trenches and etches
it.
While this method of releasing free-standing structures works remarkably well for
MEMS devices with a design which results in moderate surface to volume ratios, an
eect called stiction complicates the translation of this process into the NEMS scale,
where these ratios increase substantially. Stiction is the term used for the adherence
of a structural component of the electromechanical device to the underlying layer.
Commonly, stiction occurs when the liquid which was used to rinse the etchant from
the sample dries. Figure 1.2 displays the occurence of stiction on the basis of a drying
cantilever. Usually, stiction causes failure of the device. The occurrence of it de-
pends on the dimensions of the device, in particular the surface area to volume ratio
[13]. The layers adhere to one another because the interfacial forces such as van der
Waals, capillary, electrostatic forces and chemical bonding overcome the restoring
forces [14][15]. In other words, the smaller the devices become, the more they are
prone to stiction because the surface area to volume ratio increases by the power of
three. Stiction can either occur during the fabrication of the MEMS or while using
the MEMS device [14] [13]. While the former is primarily caused by the capillary
forces during drying, the latter is caused by electrostatic or acceleration forces occur-
ing while the MEMS is operating [14] [13] [15].





where A is the wetted surface area, θ represents the contact angle between the liquid
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and the solid, γ the surface tension at the liquid air interface and g the thickness of
the liquid layer. In order to avoid stiction during drying, the capillary force needs
to be balanced by the restoring force of the free standing structure. Tas et al. [14]
provided an equation for the critical length l of a cantilever with a Young’s Modulus






Equation 1.2 shows, that the restoring force of a cantilever decreases with decreased
thickness, while the capillary force increases with decreased gap height. Conse-
quently, smaller MEMS are more prone to stiction during the fabrication of the device.
Stiction during the use of the MEMS sensor is prevented by one of the following
three methods: by roughening the surface in order to reduce the contact area: by
creating hydrophobic surfaces; or by self-assembled monolayer anti-stiction coatings
[13] [16] [17] [18] [19].
However, as devices are scaled down, it becomes more and more dicult to prevent
stiction during device manufacture. A number of methods have been used to over-
come this. Critical point drying and vapour etching are particularly noteworthy. The
process sequence of the former was comprehensively described by Jafri et al. [20].
After the etch of the sacricial layer is completed, the samples are submerged in a
solvent (often methanol) and then moved into a pressure chamber. Within the cham-
ber, the liquid methanol is displaced by liquid carbon dioxide CO2. Following the
displacement, the temperature and pressure within the chamber are brought beyond
the critical point, to a temperature of 31 °C and a pressure of 1071 psi (55386 Torr)
where the phase boundary between the liquid and gas phase does not exist. Finally,
the CO2 and methanol are removed from the chamber, avoiding the liquid/gas phase
transition. Capillary forces cannot occur under these conditions and therefore stic-
tion is avoided [21] [20]. However, the wet etch plus critical point drying process has
the disadvantage that any contamination of the etchant or the post-release solvent
will be deposited on the samples [21].
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Figure 1.2: A schematic depiction showing how stiction can occur dur-
ing the fabrication of a micro-cantilever. In a) the cantilever is sub-
merged in the water that has been used to remove the etchant. The
successive drying of the liquid displayed in b) and c) leads to a deec-
tion of the cantilever until nally, in d) , the tip of the cantilever adheres
to the substrate.
The other signicant method for successfully releasing free-standing structures is
vapour etching. In contrast to wet etching, vapour etching has various advantages. It
is contamination-free and safer for the operator while the commercial etch systems
available today enable accurate process control. Furthermore, this method eliminates
the capillary action which can result in stiction, as the etchant and the etch product
are in the vapour phase. Commercial systems are available, which use xenon diuo-
ride (XeF2) to etch silicon and vapour HF to etch silicon dioxide (SiO2).
1.3 Selectivity and Sensor Performance
Vapour etching has potential disadvantages. Vapour etch rates have been observed
to be signicantly slower than in wet etching, thereby increasing production costs.
Vapour etching selectivities can also dier from what would be expected from the
literature, which mainly focuses on wet etching removal rates and selectivities. This
makes it dicult for MEMS sensor designers and manufacturers to design reliable
processes. In addition, it has been observed that layers which are inert to the etchant
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when etched in isolation begin to etch if placed in close proximity to the by-products
which result from the etching of the sacricial layer [22]. This phenomenon, called
the proximity eect, appears to be vapour etch specic and it can reduce the etch se-
lectivities even further [22] [23]. For instance, silicon nitride was reported to etch 12
- 18 nm per minute in a XeF2 atmosphere [24] and the author of this work observed
polysilicon to silicon nitride selectivities as low as 5:4.
It is dicult to determine the overall impact which poor selectivities have on MEMS
sensors because innumerable devices have been presented in (research) literature and
have been commercialised. However, the consequences of unintended overetching on
sensor performance can be clearly illustrated on the simplied example of a capaci-
tive micromachined ultrasonic transducer (CMUT). A CMUT is a MEMS device which
utilises a change in capacitance as a transducing mechanism for various sensing appli-
cations. They are also intensively researched at the moment and could become more
sensitive when reduced in size. The impact of the etch selectivities on the sensors’
resonance frequency and collapse voltage can be correlated. Hence they are ideal to
illustrate how selectivities can impact sensor performance.
In broad terms, a CMUT consists of a top electrode, which is placed on top of a mem-
brane which is separated from the bottom electrode by a cavity. When a bias voltage
is applied, the vibration of the membrane will result in an alternating signal. For sens-
ing applications, the integrity of the membrane is essential as various key properties
of a CMUT, such as the collapse voltage and the resonance frequency, are aected by
the thickness of the membrane. The eect of poor selectivities is theoretically exam-
ined based on a CMUT developed by Belgacem et al. [25].
The authors of the work paid close attention to the sacricial layer selection to reduce
etching of the membrane to a minimum and included sucient data to enable calcu-
lating the impact that dierent selectivities would have on the sensor. The CMUT’s
membrane has a radius r of 25 µm and is made of 550 nm thick Si3N4, which has a
Young’s modulus E of 322 GPa, a Poisson’s ratio ν of 0.26 and a density ρ that was
calculated to be roughly 4412 kgm−3. The cavity is 200 nm thick and is fabricated by
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Figure 1.3: A schematic depiction of a CMUT showing the critical di-
mensions.
etching a SiO2 sacricial layer. The etch front propagates from the edge of the mem-
brane towards the centre. The top electrode is made of aluminium and the bottom
electrode is the silicon substrate. A schematic depiction of a CMUT is displayed in
gure 1.3.
The resonance frequency f of a circular membrane can be calculated according to










Where t f represents the thickness of the membrane, which depends on the Si3N4 to
SiO2 etch selectivity. Using this equation, and calculating how the membrane thick-
ness changes with dierent selectivities, the change in resonance frequency can be
easily estimated. Thereby, the etch selectivity’s impact on sensor performance can
be quantied. The calculated frequencies for a range of Si3N4 to SiO2 selectivities is
displayed in table 1.1.
This example calculation suggests a linear correlation between the etch selectivity
and the sensor performance. Assuming that the resonance frequency tolerance is 5
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Si3N4 : SiO2 Selectivity ∞ 1: 1000 1: 100 1: 10 1: 2 1: 1
Membrane Thickness [nm] 550 549.8 548 530 450 350
Cavity Thickness [nm] 200 200.2 202 220 300 400
f [MHz] 12.80 12.79 12.75 12.3 10.5 8.15
Table 1.1: Simplied thought experiment showing how the resonant
frequency of the CMUT membrane presented in [25] would change at
dierent Si3N4 : SiO2 etch selectivities.
percent, the device would be within the specications up to a selectivity of 1: 10. Un-
fortunately, worse selectivities have been reported for vapour etching, in particular
where the structural layer is in close proximity to the sacricial layer, as it is the case
for this CMUT [25] [27] [23][28].
This simple calculation clearly illustrates the importance of the etch selectivity with
regard to sensor performance. However, in reality there is more to the process. Dur-
ing etching, the membrane’s thickness is not uniformly reduced, as implied here, but
instead more of the structural material would be removed at the edges of the mem-
brane because it is exposed to the etchant for a longer time. The resulting membrane
thickness gradient would reduce the mechanical robustness of the membrane. This is
crucial because a biased CMUT experiences an electrostatic force which will deect
the membrane. If the membrane’s mechanical robustness is insucient, the collapse
voltage decreases and device failure becomes more likely.
1.4 Problem Statement
As demonstrated in the CMUT example, insucient understanding of vapour etch se-
lectivities can result in limitations to successful scaling of MEMS. However, a better
understanding of vapour etch selectivity under realistic MEMS fabrication conditions
alongside improved selective etching methods development could give a signicant
push towards MEMS sensor miniaturisation.
In the author’s opinion, there are two gaps of knowledge which need to be closed.
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Firstly, the proximity etching eect demonstrates that the chemical processes under-
lying vapour etching are not fully understood. Secondly, there is very little informa-
tion available on methods to control vapour etch selectivities.
1.5 Aim and Objectives
It is the aim of the work presented here to quantify and improve HF and XeF2 vapour
etch processes through a better understanding of etch chemistry and better control
of etch selectivity. The following objectives and goals derive from this broad aim:
1. Design a test structure and an experiment for measuring the etch selectivities
under realistic fabrication conditions.
2. Quantify the proximity eect and the eect of potential selectivity improving
temperature changes and gas additions in XeF2 vapour etching.
3. Quantify the eect of potential selectivity improving temperature changes, gas
composition changes and gas additions in HF vapour etching.
1.6 Publications
The work presented here resulted in one conference and two journal publications.
They are included in the appendix of this thesis.
M. Rondé, A. J. Walton, and J. G. Terry, “Test Structure for Measuring the Selectivity
in Vapour Etch Processes,” in IEEE 33rd International Conference on Microelectronic
Test Structures (ICMTS), Edinburgh, United Kingdom, 2020, pp. 1–5.
M. Rondé, A. J. Walton, and J. G. Terry, “Manipulating Etch Selectivities in XeF2
Vapour Etching,” J. Microelectromachanical Syst., vol. 30, no. 1, pp. 156–164, 2021.
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XeF2 and HF Vapour Etch Processes,” IEEE Trans. Semicond. Manuf., vol. Accepted,
2021.
The author of this thesis also created the Wikipedia page on vapor etching, and con-




Terms and Fundamental Chemistry
2.1 Introduction
This research project is interdisciplinary in nature since it investigates a primarily
chemical process being used in an engineering context. Engineers might not be fa-
miliar with all of the terms used and concepts presented within this work. Therefore
this section rstly denes the key terms commonly used in the context of vapour
etching. Secondly, it elaborates on some fundamental physio-chemical and quantum




In this work, vapour etching refers to isotropic chemical etch processes not involving
plasmas, where the etchant is supplied to the reaction chamber in gaseous form. The
etch reaction can take place in the gas state or in the liquid state if thin condensed
lms form.
2.2.2 Etch Rate
In many cases, the etch rate of a material is determined by etching chips or wafers
which have been blanket coated with a thin lm of a given thickness for a certain
period of time [29] [30] [31] [32] [33]. The thickness of the lm is measured with
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an ellipsometer before and after the etch. The resulting etch rate β is the depth of





While the samples used can be easily fabricated and accurately measured, this method
has two disadvantages. Firstly, it does not account for the lateral etch propagation in
undercut etch applications. Secondly, it ignores time taken to initiate the etch reaction
and the oset which results. To account for the former, the experimental section of
this work will use the undercut etch rate. To overcome the latter, Van Barel et al.
dened the steady-state etch rate to take the etch initiation and oset into account
[34]. It is determined by repeating the etch at least three times for dierent etch
durations. The steady-state etch rate can be determined from the graph when etch
depth is plotted against the etch time. An example is displayed in gure 2.1, which
displays the etch undercut of SiO2 and SiN etched in vapour HF for etch times of
150, 180 and 210 seconds respectively. The etch rates of SiO2 and SiN are 380 nm per
second and 3.4 nm per second respectively. Furthermore, the gure suggests that the
SiO2 etch initiated after 40 seconds and the SiN etch initiated after 2 seconds. The
delay in the SiO2 etch initiation can be explained with the time that is required for
the reactants to condense onto the surface.
2.2.3 Selectivity
The etch selectivity provides a comparison of the removal rates of two materials un-
dergoing the same etch process. It is given as the etch rate of one material divided by
the etch rate of another. The selectivity is usually reported as a ratio. For instance, a
selectivity of 1:1 indicates that both materials etch at the same rate. The selectivity S
can be expressed in a simple equation
S = β1 : β2 (2.2)
where β1 and β2 are the etch rates of the two materials.
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Figure 2.1: An example data set showing the steady state etch rate of
SiO2 and SiN etched in vapour HF. The raw data used to create this









where A is the rate constant, Ea is the activation energy for the reaction, R is the
universal gas constant, and T is the absolute temperature. The equation displays why
some molecules react under certain temperature conditions, while others do not. The
underlying idea is that the molecule’s specic activation energy has to be overcome
to initiate the reaction, with the energy supplied in the form of heat [36]. From this, it
follows that the fraction of molecules reacting increases with increasing temperature.
The reader should keep this conclusion in mind because for HF vapour etching, the
literature suggests that the opposite holds true.
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2.3.2 Langmuir Adsorption and the Brunauer-Emmett-Teller
Theory
In vapour etching, the interaction of gasses with solids is very important. The reac-
tants can be brought to the surface either by condensation or by gas adsorption phe-
nomena. Regarding the latter, two theories will be referred to in later elaborations
and discussion. Firstly, the Langmuir adsorption model and secondly, its extension,
the Brunauer-Emmett-Teller (BET) theory are considered. The underlying idea of the
Langmuir adsorption model is that each surface has a number of active sites which
a species can adsorb to or desorb from [37]. This can either be through chemisorp-
tion (high energy chemical bonding) or physisorption (weaker attraction by van der
Waals forces). The adsorbed species occupies a certain fraction of the available sites






1 + Ka p0
(2.4)
where vm is the volume of the monolayer, p0 the partial pressure of the adsorbent
in the gaseous state and Ka represents the equilibrium constant of the adsorption or
desorption reaction [38] [39]. The Langmuir model provides a good approximation of
the surface coverage, but it has some shortcomings due to oversimplications. For in-
stance, it does not account for the surface roughness or the fact that adsorped species
can form multilayers in reality. Therefore, some of the research previously conducted
in vapour etch processes uses the Brunauer-Emmett-Teller theory (BET) [40]. In con-
trast to the Langmuir adsorption model, it assumes that the top adsorbed layer is in
equilibrium with the vapour and that, as a result, stacks of adsorbed molecules can






(p0 − p)[1 + (c + 1)(p/p0)]
(2.5)
where p is the pressure at equilibrium and c is the BET constant, which is dened as




where E1 is the heat adsorption of the rst layer and EL is the heat of liquefaction, R is
the universal gas constant and T the temperature. The partial pressure p0 and the BET
constant c are temperature dependent. Rudakov [41] points out that with increasing
temperature, the rate of adsorption on the surface decreases. This observation will
become important when discussing the existing literature.
2.3.3 Hydrogen Fluoride Etching of Silicon Dioxide
Even though the reactants are supplied and removed from the sample in the gaseous
state in HF vapour etching, the formation of a liquid thin lm on the sample is required
to initiate and maintain etching [42]. Knotter [43] presented a very comprehensive
and detailed quantum mechanical investigation into the etch mechanisms of SiO2 in
HF based solutions. As a liquid lm is required for etching, the etch mechanisms in-
vestigated in [43] should also be valid for vapour etch processes. The HF wet etch
mechanism of SiO2 is composed of two reactions. Firstly, the surface SiOH group is
replaced with an SiF group by a reaction rate limiting elimination/addition reaction.
After the rst SiF group has been formed, the remaining Si-O bonds are substituted
with Si-F bonds by a nucleophilic substitution reaction. Compared to the nucleophilic
substitution reaction, the elimination/addition reaction proceeds 18-20 times slower.
The reaction scheme for the elimination/addition reaction is displayed in gure 2.2.
Firstly, as displayed in C, an H+ ion bonds to the surface O– forming an OH group.
The following reaction path depends on the pH value of the solution.
The pH value, is dened as the negative logarithm of the hydrogen ion concentra-
tion (also known as hydrogen ion activity) within a solution [44]. This denition can
be expressed as
pH = −log10([H+]) (2.7)
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where [H+] is the concentration of positively charged hydrogen ions. From this fol-
lows, that a solution with a high concentration of hydrogen ions has a low pH value.
Hydrogen ions are highly reactive and readily combine with other particles, because
the removal or loss of the hydrogen atoms single electron only leaves the proton
behind[45]. Consequently, hydrogen ions are also referred to as protons in chem-
istry[45].
If the pH value of the reaction displayed in gure 2.2 is lower than 1.5, which in-
dicates a high concentration of H+ ions within the solution, the reaction A to D takes
place. Water is eliminated from the silicon oxide group, and either a HF2 – or H2F2
molecule donates the uorine atom which bonds to the silicon dioxide as shown in
reaction step D to E. If the pH value of the solution is larger than 1.5, the reaction fol-
lows the path B to D. An OH group is eliminated, and a uorine atom is added to the
SiO group as shown in D to E. Knotter points out that the H2O elimination reaction
is much faster than the OH elimination reaction.
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Figure 2.2: Proposed elimination/addition reaction, the etch rate lim-
iting step, as proposed by Knotter [43]. Reproduced from [43] with
permission from ACS. The numerical labels were added by the author
of this thesis, to ease the understanding of the two pH dependent re-
action paths.
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The second part of the overall etch reaction, the three subsequent nucleophilic sub-
stitution reactions of the uorine ions, which replace the remaining Si-O bonds to
form SiF4 proceeds 18-20 times faster than the preceding reaction because no high
energetic intermediates need to be formed. The straightforward reaction pathway is
displayed in 2.3.
Figure 2.3: Nucleophilic substitution reaction as proposed by Knotter
[43]. Reproduced from [43] with permission from ACS.
In a follow-up publication, Knotter [46] presented a gure which plots the dierent
reaction pathways and their impact on the etch rate of SiO2 over the pH value of the
solution. This gure is reprinted in gure 2.4. It shows that the SiO2 etch is driven by
diuorides such as HF2 – and H2F2. This is a very important discovery in the context
of this work because Si3N4 is mainly etched by monouorides. The silicon nitride etch
mechanisms are elaborated on in Section 2.3.4 of this work and the manipulation of
the uoride composition within the solution is elaborated on in Section 3.5.
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Figure 2.4: The suggested impact on dierent reactions on the SiO2
etch rate as presented by Knotter et al. [46]. Reproduced from [46]
with permission from IOP Publishing.
2.3.4 Hydrogen Fluoride Etching of Silicon Nitride
In HF vapour etching, the selectivities of SiO2 towards SiN are important, because
both materials are commonly used in close proximity to one another in MEMS fab-
rication processes. Knotter [46] also presented a comprehensive quantum chemical
elaboration on the silicon nitride etch in HF based solutions. The etch reaction is very
similar to the HF based etching of silicon dioxide. First, the NH3 group is removed
from the surface and replaced by a uorine atom in an elimination/addition reaction.
Figure 2.5 shows the scheme of the elimination/addition reaction. The reaction fol-
lows either of the three pathways. B to D to E shows the formation of SiNH2, which
is then removed and replaced by HF2 – . The SiNH3 shown in A is removed and the
uorine atom is substituted by either an HF molecule or a uorine ion. The removal
of the surface nitrogen atom is the rate-limiting step. The remaining nitride atoms
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Figure 2.5: Proposed elimination/addition reaction removing the NH-
group while etching silicon nitride in HF solutions as proposed by
Knotter [46]. Reproduced from [46] with permission from IOP Pub-
lishing.
are successively replaced with uorine by a low-energy nucleophile substitution re-
action.
The dominant etch reaction path depends on the pH value of the solution. The distri-
bution is displayed in gure 2.6. The highest etch rates are archieved at pH values of
roughly 2.5, the lowest at high pH values of 4 or more. Knotter [46] points out, that
the etch of silicon nitride in HF solutions is driven by monouorides, as opposed to
the etch of SiO2 which is driven by diuorides. This is an essential observation for
this study, and will be further elaborated on in Section 3.5 of this report.
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Figure 2.6: The suggested impact on dierent reactions on the SiN
etch rate as presented by Knotter et al. [46]. Reproduced from [46]
with permission from IOP Publishing.
2.3.5 Xenon Diuoride Etching of Silicon
The overall reaction of XeF2 with silicon to form SiF4 was established very early on
by [47] and is displayed in reaction equation 2.8. The same investigation also found
that SiO2, Si3N4 and SiC were not etched in an XeF2 atmosphere.
2 XeF2 (g) + Si (s) −−→ 2 Xe (g) + SiF4 (g) (2.8)
In 2002, researchers from the Ceyer Research Group at the Massachusetts Institute
of Technology began investigating the quantum chemical processes involved in the
XeF2 etch process of silicon. The mechanisms presented in these high quality stud-
ies are relevant to this works Chapter 5 on XeF2 etch selectivities [48] [49] [50]. In
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their initial study [48], they used helium atom diraction, beam-surface scattering
and thermal desorption measurements to study the low energy interaction of XeF2
with silicon and to compare an alternative silicon etchant, F2. They found that both
reactants uorinate the silicon’s dangling bonds. At a coverage of 1 ML (Megalang-
muir), the saturation point - however, the F2 ceases to react while the XeF2 contin-
ues to uorinate the dimer and lattice bonds. The investigation into this interesting
phenomenon continued and in 2004 a Physical Review letter [49] suggested that the
etching of silicon is the result of a double mechanism. Firstly, the XeF2 abstracts a u-
orine atom on the dangling bonds exposed on the silicon surface. The scattered XeF
molecule absorbs a part of the 60 kcal/mol energy resulting from the reaction and
is rovibrationally excited. It can now either abstract a second uorine atom on an-
other dangling bond or, if the excitation is greater than the bond energy (3 kcal/mol),
dissociate into Xe and a uorine radical 1. The probability of the former mechanism
occurring decreases as the uorine coverage of the dangling bonds increases. Roughly
79% of the XeF formed dissociates to form Xe and F. In turn, 10% of these uorine rad-
icals are scattered towards the surface, where they either react with dangling, -lattice
or -dimer bonds. Gradually, the Si-Si bonds are broken to form SiF1, SiF2, SiF3 and
SiF4. The SiF4 desorbs into the gas phase. The overall reaction is exothermic.
2.3.6 Proximity Eect
When considering selectivity, the formation and scattering of uorine radicals as de-
scribed in 2.3.5 is problematic because atomic uorine is known to react with com-
mon microfabrication materials such as silicon dioxide and silicon nitride [51]. For
instance, Arana et al. [52] were forced to develop a F2 vapour etching process to
release silicon nitride fuel processor tubes because the XeF2 selectivity towards sili-
con nitride was insucient to release the tubes in the initial fabrication process [53].
Most likely, the high silicon nitride etch rates which they observed were caused by
uorine radicals formed while etching the silicon surrounding the structures. Veyan
et al. [22] investigated this eect in more detail and called it the proximity eect.
In order to conduct their ground breaking study, they purpose-built an XeF2 reac-
tor which could be tted into a Fourier-transform-infrared spectrometer (FTIR). It
1A radical is a molecule that has one unpaired electron, but in contrast to an ion does not carry a
charge.
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allowed them to measure the gas composition within the chamber during the etch-
ing of silicon as well as the silicon dioxide in direct proximity to it. In addition to
that, they conducted complex quantum chemical calculations using the density func-
tion theory. They found that the silicon dioxide, which was previously considered
to be inert to XeF2 etched at a considerable rate and was eventually removed. Fur-
thermore, the powerful combination of methodology and simulation tools used in
this study allowed them to conclude that the SiO2 was etched by the uorine radicals
formed during the etching of the XeF2 as illustrated in gure 2.7. In 2.7 a), the XeF2
etches the silicon with a reaction energy of -1.25eV, making this reaction energeti-
cally favourable. In contrast to that, the reaction with SiO2 is positive, indicating the
reaction is not energetically favourable. Figure 2.7 b) shows however, that the SiO2 is
etched by both the uorine abstracted from XeF and the scattered uorine radicals.
In realistic MEMS fabrication, it is very common that the sacricial layer is placed in
close proximity to functional, structural or isolating layers. Hence, the signicantly
reduced etch selectivities in proximity etching could cause a signicant problem to
industry practitioners and researchers. Therefore, the proximity eect is a focus point
of this work and is highly relevant towards the chapters on test structure development
and the improvement of XeF2 etch selectivities.
2.4 Summary and Conclusion
In summary, key terms used through out the thesis, such as selectivity and etch rate
were dened in this chapter. It further illustrated, that complex adsorption, desorp-
tion and condensation phenomena are required to bring the etchants to or remove
them from the reaction site. Previous research into the chemical reactions leading to
etching SiO2 and SiN in vapour HF were presented, and the important observation
was made, that silicon dioxide and silicon nitride are predominately etched by di-
uorides and monouorides respectively. Finally, the xenon diuoride etch reaction
with silicon was elaborated on and the latest research into the proximity eect, which
could signicantly reduce the selectivity in xenon diuoride vapour etching has been
presented.
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Figure 2.7: (a) illustrates the reaction energies calculated for single
atom abstraction of XeF2 while etching silicon (bottom) and SiO2 (top).
In (b) the relative energies calculated for the etching of SiO2. Showing
the successive uorination from the XeF molecule (black markers) and
secondly by the reaction with atomic uorine (white marker). Repro-





In order to engineer the selectivity, it is necessary to utilise mechanisms which alter
the etch rate of one material to a greater extent than that of the other. Only a few
peer-reviewed works have focused on the selectivity in HF or XeF2 etch processes.
However, other gas etching techniques, in particular plasma etch processes are oper-
ated in systems similar to those for vapour etch processes. Furthermore, they utilise
gasses, that are generally available in a clean room environment. From the broader lit-
erature, four predominant etch selectivity control methods can be extracted, namely
surface modulation, reaction product neutralisation by gas addition, temperature de-
pendent reaction rate and excitation.
The literature focusing on exploiting the temperature dependency and reactant neu-
tralisation by gas addition methods were evaluated because they are straightforward
to implement solution in existing vapour etch systems. The modulation of the sur-
faces as well as the excitation of reactant was evaluated because the author of this
work presumed that these methods could signicantly improve etch selectivities if
they were successfully implemented.
3.2 Surface Modulation
Researchers from the Laboratoire d’ électronique des technologies de l’ information
(CEA-Leti) in Grenoble have made signicant progress in selectivity manipulation by
surface modulation [54][55][56][57]. The need to develop highly selective etching
methods for sub 10 nm CMOS fabrication drives this research. It introduced a new
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method to etch Si3N4 with a very high selectivity towards silicon and SiGe, which
utilises two mechanisms. Firstly [54], ion implantation of light ions into layers in
order to replace stronger bonds with weaker ones and, secondly [57], the formation
of new layers for surface passivation. The work in [54] can be summarised as fol-
lows. After the ion implantation, the implanted layer is etched selectively down to
the untreated layer. Hydrogen, helium and argon were the initial ions of choice. Sim-
ulations showed that the maximum concentrations of argon, helium and hydrogen
ions are to be expected at a depth of 2.5, 7 and 12 nm respectively. Furthermore, the
plasma used to ionise the hydrogen does not etch the Si3N4. This is an advantage
over helium and argon plasmas, as these etch silicon nitride at a slow rate of roughly
2 nm min−1. They investigate the eect by comparing the etch rates of altered and
pristine Si3N4 lms. The altered lms were modied by a 60-second exposure to a
100 W hydrogen plasma held at 50 mTorr. The samples were then etched in a 1 % HF
solution. The resulting etch rates are of some interest and are displayed in gure 3.1.
While the pristine lm etched with a rate of roughly 1.2 nm min−1, the modied lm
etched around 10 times more quickly. Following this initial success, the researchers
tried to increase the thickness of the modied Si3N4 by tuning the bias power and the
exposure time of the implant. The group found that the maximum thickness which
can be modied by this process is roughly 19 nm thick.
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Figure 3.1: The Si3N4 lm consumption as a function of etchant ex-
posure time, with and without pre etch hydrogen plasma exposure.
Reproduced from [54] with permission from AIP Publishing.
The HF solution used in this initial study [54] had the disadvantage that it also at-
tacks SiO2. Therefore, the follow-up publication [55] compared the etch selectivities
of the modied ion implanted SiN, pristine SiN and SiO2 when exposed to either an
HF solution, gaseous HF and a nitrogen triuoride (NF3) nitrogen amonia (NH3) re-
mote plasma. HF vapour etching gave the best selectivities of modied SiN towards
pristine SiN and SiO2 with 31: 1 and 39:1 respectively. The remote plasma mixture
etched the SiO2 at the highest rate.
The vapour HF removal of the modied SiN layer was further investigated in [58].
They found that the enhanced etch rate of the modied SiN is caused by the breaking
of the Si-N bonds. These are replaced by Si-H and N-H bonds which are more prone
to etching. Finally, in [56] Posseme et al., modied and wet HF etched SiCO lms.
The ion implanting process successfully increased the etch rate of the modied SiCO
by 100 times, demonstrating that the method is not limited to Si3N4. Hydrogen ion
implantation into thin lms seems to have great potential in sub 10 nm CMOS appli-
cations. However, its use in MEMS fabrication is limited for two reasons. Firstly, the
maximum modication depth demonstrated in these studies was only 19 nm. Beyond
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this, the etch properties of these materials resort to their typical values, making it un-
usable for sacricial layer release processes. Furthermore, these studies focused on
enhancing the etch rate of Si3N4. However, in MEMS fabrication it is more common
to etch other materials while keeping silicon nitride lms as stress moderators for
other structural layers. Therefore, while the general concept is promising in CMOS
fabrication, further advances are needed in either high energy ion implantation to
achieve the necessary modulation depths or in MEMS miniaturisation to the extent
that 19 nm layer release processes become relevant.
3.3 In-Situ Surface Modulation
Another method which has potential in MEMS etching is the passivation of surfaces
that are not to be etched. Selectivity improvements caused by the formation of passi-
vation layers were rst reported by Loewenstein [59] in 1989. Si3N4 was etched in the
discharge of CF4 and SF6 remote plasmas, which included H2 and CH4 in the process-
ing gas mix, and the Si3N4 to Si and Si3N4 to SiO2 selectivities improved signicantly
with increased ows of additional hydrogen or CH4, as shown in tables 3.1 and 3.2.
Two eects can explain the improvements. Firstly, consumption of atomic uorine
by the hydrogen, which will be elaborated on in section 3.4 and, secondly, the forma-
tion of a protective uorocarbon layer on the Si and SiO2 surface is enhanced when
hydrogen is added to the mix. Loewenstein assumes that the uorocarbon passiva-
tion layer is formed by the CF2 (which is formed by the dissociation of the CF4 in the
plasma) reacting with the Si and SiO2 surface as displayed below
CF2 (g) + Si (s) −−→ Si(CF2)(s) (3.1)
Si(CF2)n (s) + CF2 (g) −−→ Si(CF2)n+1 (s) (3.2)
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O sccm H2 60 sccm H2
Si3N4 : Si 15 : 100 3 :1
Si3N4 : SiO2 15 : 8 30 : 2
Si : SiO2 100 : 8 10 : 2
Table 3.1: A comparison of the etch selectivity of CF4 etching of Si,
SiO2 and Si3N4 at H2 ows of 0 and 60 sccm. Calculated from the data
presented in [59].
O sccm H2 75 sccm H2
Si3N4 : Si 1 : 10 12 : 1
Si3N4 : SiO2 1.4 : 1 100 : 1
Si : SiO2 80 : 1 2 : 1
Table 3.2: A comparison of the etch selectivity of SF6 etching of Si,
SiO2 and Si3N4 at H2 ows of 0 and 60 sccm. Calculated from the data
presented in [59].
where n represents the quantity of these molecules. It was further assumed that this
layer is removed from the surface by uorine radicals forming volatile species. This
could for example be according to
Si(CF2)n+1 (s) + 6 F (g) −−→ SiF4 (g) + C2F6 (g) (3.3)
where both SiF4 and C2F6 desorb from the surface easily [60].
The added hydrogen removes uorine radicals by forming unreactive HF (Which will
be explained in more detail in section 3.4). Thus it follows from equations 3.1, 3.2 and
3.3 that the addition of hydrogen supports the growth of the protective passivation
layer on both the SiO2 and the silicon. It is unclear why this layer is not formed on the
silicon nitride and it also fails to explain, why the Si: SiO2 selectivity in CF4 etching
decreases signicantly from 12.5: 1 to 5: 1 after hydrogen is introduced in substantial
quantities.
In 1999, Kastenmeier et al [61] successfully increased the selectivity of Si3N4 towards
SiO2 and Si by etching with a remote plasma O2/N2 discharge mixed with low ows of
CF4 and NF3. CF4 etch selectivities of Si3N4 : SiO2 exceeding 500: 1 were presented,
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compared to the 10: 1 selectivities reported in earlier works. Similarly, Si3N4 to Si
selectivities were increased from 0.1-0.6: 1 reported in earlier works to 60: 1. In par-
ticular, the improvements in the relative silicon etch rates are impressive and were
explained by three mechanisms. Firstly, the silicon etch rate correlates to the amount
of uorine supplied to the chamber. As this was reduced, the etch rate decreased in
a similar manner. Secondly, the Si3N4 etch rate is enhanced by the NO that forms
in the afterglow of the O2/N2 plasma. However, the third mechanism, namely, the
rapid oxidation of the silicon surface was found to have the strongest eect on the
selectivity. The surface is oxidised by the O2 and O in the gas phase, reducing the
etch rate of silicon to rates levels which are comparable to the etch rate of SiO2.
More recently, in 2020, two more publications utilising the formation of passivation
layers to improve etch selectivities were published by researchers at CEA-Leti. The
rst, by Posseme et al [57], observed a protective SiOx Fy Clz layer forming on silicon,
which produce an increase in the Si3N4: Si selectivity. This was achieved by etching
with a plasma composed of a CH3F, O2, He and SiCl4 gas mixture. Finally, also in 2020,
Rachidi et al [62] used a CF4 / N2 /O2 downstream plasma to etch silicon selective to
SiGe. They found that an 8 nm thick, highly selective SiOxFy layer is formed on the
silicon, while a 2 nm thick passivation layer is formed on the SiGe, protecting it from
etching. The passivation layer on the SiGe is a mixture of SiOxFy and GeOxFy . The
measured etch rates were very low, with 20 nm min−1 for silicon and 1 nm min−1
for SiGe.
In summary, considerable selectivity improvements have been achieved with meth-
ods utilising in situ surface passivation. Due to the needs of integrated circuit de-
velopment, most of the studies presented above focused on increasing the selectivity
of silicon nitride towards silicon and silicon dioxide. This is the opposite of what is
typically required in MEMS fabrications, where silicon and silicon dioxide are often
used as sacricial layers, and silicon nitride as a structural material. In general, these
methods should not be disregarded because similar mechanisms could be utilised to
passivate structural materials in MEMS manufacturing during vapour etching. How-
ever, both the primary focus materials of this study, silicon dioxide and silicon nitride,
are often used to passivate silicon and no mechanism to alter them to achieve surface
passivation has been found.
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3.4 Gas Additions
The studies detailed in this section attempt to alter etch selectivities in reactive ion
etching by the inclusion of additional gasses into the reaction chamber. In most cases,
the aim is to neutralise atomic uorine because, with activation energies of 3.55, 3.02
and 3.36 kcal/mol respectively [51], it is a potent silicon nitride, silicon and silicon
dioxide etchant. The rst study was conducted by Loewenstein [59], which observed
the selectivity data displayed in tables 3.1 and 3.2 and explained them with two mech-
anisms. These were, rstly, the formation of a protective uorocarbon layer on the Si
and SiO2, which was discussed in the previous section and, secondly, the removal of
uorine radicals from the gas phase according to
F + H2 −−→ HF + H (3.4)
This mechanism is eective because the hydrogen neutralises the atomic uorine by
forming hydrogen uoride, which does not etch SiO2 or SiN in the absence of a cata-
lyst. In another noteworthy publication by Zhang et al. [63] from 1998, the authors
tried to increase the SiO2 etch selectivities towards Si3N4, in order to fabricate self-
aligning borderless contacts. Similarly to Loewenstein [59], they were trying to use
hydrogen to neutralise uorine radicals, while utilising uorocarbon gasses (C2F4,
C2F6, C3F6), with high carbon to uorine ratios to passivate the surfaces.
In this straightforward experiment, high-density plasmas of various uorocarbon
gasses were generated within a commercial electron cyclotron resonance microwave
plasma source. Wafers coated with thermally grown SiO2 and LPCVD Si3N4 layers
were placed on an electrostatic chuck which was held at a temperature of 5°C. The
etch rate was monitored in situ with an ellipsometer. The uorine neutralisation
aspect of this work was not particularly successful because the SiO2 to Si3N4 selec-
tivities decreased with increased hydrogen additions, but the results are interesting
for this study.
Figure 3.2 shows that the etch rate of both materials decreased when hydrogen was
added to the process. In the case of etching with CF4 , as the hydrogen ow was
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increased from 0 to 50 %, the SiO2 etch rate declined from 700 nm min−1 to 400 nm
min−1 and the Si3N4 etch rate decreased from 400 nm min−1 to 300 nm min−1. In
both cases, the etch rate decrease is nearly linear. Similarly, in the case of etching with
CHF3, as the hydrogen addition increased from 0 to 40 %,the SiO2 etch rate decreased
from 450 nm min−1 to 250 nm min−1 and the Si3N4 etch rate decreased from 400 nm
min−1 to 300 nm min−1.
Based on extensive XPS analysis of the samples post etching, it was concluded that
even though the hydrogen inhibited the formation of a protective uorocarbon layer
on both materials, the hydrogen addition also decreased the density of free uorine
and reduced the etch rate. The stronger decline of the SiO2 etch rate compared to the
Si3N4 etch rate was explained with the preferential etching of the Si3N4 as a result of
the bombardment with energetic hydrogen. These ndings are particularly interest-
ing in the context of XeF2 vapour etching, which aims to selectively etch silicon over
both silicon dioxide and silicon nitride.
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Figure 3.2: The silicon dioxide and silicon nitride etch rates and se-
lectivity (called etchrate ratio) in etching with CF4/H2 (top) and CHF3
(bottom) as a function of hydrogen ow. In this gure, ECR stands for
electron cyclotron resonance and is the method that was used to gen-
erate the high density plasma. Reproduced from [63] with permission
from AIP Publishing.
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Hydrogen was also used to neutralise uorine radicals in order to increase the se-
lectivity of silicon over silicon dioxide in an experiment conducted by Nakazawa et
al. [64] in 1998, in which silicon dioxide and silicon were etched with a mixture of
remote plasma excited argon and anhydrous HF. The aim was to enhance the silicon
dioxide etch rate while increasing the process control by avoiding moisture. Unfor-
tunately, when adding the excited argon, the silicon etched at nearly the same rate
as the silicon dioxide. This was found to be the result of the formation of uorine
radicals. To combat this, hydrogen was supplied into the chamber to suppress and
neutralise the radicals. By adding the hydrogen, a silicon dioxide to silicon selectivity
of 4: 1 was achieved with this process.
More recently, in 2020 two papers have been published which aim to improve se-
lective isotropic plasma etching for MEMS [65][66]. There is evidence that Samsung
Electronics Co., Ltd is driving the research because their research engineers Vladimir
Volynets and Yuri Barsukov were involved in all the research activities, even though
dierent academic institutions published them. These publications are highly rele-
vant for this thesis because they focus on isotropic etch processes, use similar target
materials and etch with uorine radicals, rather than ions.
The publications by Volynets et al. [65] and Jung et al. [66] are a series and are
presented in jointly in this review. The aim was to signicantly increase the selec-
tivity of Si3N4 over SiO2 using a remote plasma etching process and investigated the
underlying quantum chemistry in great detail. For the experiment, blanket coated
Si3N4 and SiO2 coupons (4 cm x 4 cm) were etched using an NF3/N2/O2/H2 gas mix-
ture in a "damage free etcher", which appears to be a purpose built device, which
generates uorine radicals (rather than ions) using a remote plasma. In order to re-
move the (NH4)2SiF6 which forms on the silicon nitride while etching with uorine,
a three-step etch, anneal, and cool process sequence was applied.
It was found that the selectivity strongly depends on the hydrogen ow. The data
as presented in gure 3.3. (a) shows a gradual decrease of the Si3N4 etch rate, which
seems to be nearly linearly proportional to the hydrogen ow rate. Figure 3.3 (b)
shows that the SiO2 etch rate is very low and follows a "V" shape, beginning at 0.03
nm min−1 for a rate of 24 sccm, decreasing further to less than 0.01 nm min−1 for
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25 sccm and then rapidly increasing to 0.3 nm min−1. Figure 3.3 (c) shows that the
selectivity resulting from the data in parts (a) and (b)reaches a maximum of 380: 1 for
a hydrogen ow of 25 sccm, representing a signicant increase in the selectivity of
silicon nitride over silicon dioxide.
Again, these ndings are very interesting in the context of XeF2 etch selectivities
of silicon over silicon nitride and silicon dioxide because of the decline experienced
in hydrogen ow-dependent silicon nitride etch rate. Unfortunately, the data is not
very convincing, however, because only a small range of hydrogen ows is presented
in these graphs. This is unexpected because other plots presented in the study show
that the tool used could provide hydrogen ows from 0- 90 sccm. No explanation is
given for this. Nonetheless, based on the results presented in gure 3.3, an interesting
theory was put forward by the authors to explain the phenomena observed. This will
be discussed in more detail in chapter 5 but, in summary here now, it is proposed that
the uorine radicals and the hydrogen form vibrationally excited HF, which reduces
the activation energy of reactions of HF with Si3N4.
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Figure 3.3: Hydrogen ow dependency of the etch rates and selectivity
when etching Si3N4 and SiO2 with an NH2/N2/O2/H2 remote plasma.
Reprinted from [66] with permission from AIP Publishing.
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A further dataset supporting the idea that H2 additions reduce the SiN etch rate was
presented by Pankratiev et al. [67]. The aim of the study was to enhance the etch rate
of silicon nitride in the discharge of an SiF6 plasma by adding helium. This resulted
in roughly double the silicon nitride etch rate, while the SiO2 etch rate remained
constant. However, more interestingly for this thesis, the data showed a near-linear
decrease of the silicon nitride etch rate from roughly 90 nm min−1 at a hydrogen
ow of 0, to roughly 10 nm min−1 at a hydrogen ow of 20 sccm. This phenomenon
was not elaborated on or discussed by the authors.
In summary, the addition of hydrogen appears to have the potential to reduce the
etch rate of silicon nitride. The most likely underlying mechanism for this is the re-
action of the free uorine with the hydrogen. This forms HF, which does not etch
silicon nitride in the absence of silicon dioxide. In industrial activities, it has been ob-
served that the addition of hydrogen improves the etch selectivity. The vapour etch
tool manufacturer memsstar 1, has patented the addition of hydrogen into the process
gas stream [68]. However, to the author’s knowledge, no evidence has been found of
any study quantifying the eect of hydrogen additions or explaining the underlying
reasons.
3.5 Temperature Adjustments
While the previous sections of the review were relevant for both HF and XeF2 vapour
etching, these methods need to be discussed separately when considering the impact
of temperature because the condensation and evaporation of the reactants and the
reaction products have a signicant role in HF vapour etching.
The temperature reaction rate of XeF2 with silicon is unexpected because the etch
rate appears to increase with reduced temperature. Vugts et al. [69] conducted a
molecular beam experiment in order to study the temperature dependency of the etch
reaction of Si(100) when exposed to XeF2. They observed the maximum etch rate at
the minimum processing temperature of 150 K, below which XeF2 condensates. As
the temperature rises, the etch rate decreases until it reaches a minimum value at a
1A memsstar tool was used for the experimental work presented in this thesis and Dr. O’Hara
kindly provided assistance in a consultant capacity.
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temperature of roughly 400 K, where it stabilises. Between 600 - 900 K, the etch rate
increases again. The ndings of Vugts et al. [69] are supported by Ibbotson et al. [70],
who observed a linear decline of the etch rate at temperatures below 360 K. The reac-
tion activation energy of the reaction was reported to be -3.2 kcal mol−1 for temper-
atures below this benchmark. Negative reaction activation energies are uncommon
and it was suggested that the formation of a surface layer might be the underlying
reason. However, the detailed mechanisms causing this phenomenon have not been
studied.
Nevertheless, these ndings are promising, in particular when considering the prox-
imity eect because there is evidence that the reaction rates of SiO2 and SiN with
uorine radicals decreases as the temperature decreases. Loewenstein [51] investi-
gated the temperature dependence when etching silicon nitride in atomic uorine.
This study also includes valuable benchmark data for polysilicon and silicon dioxide.
The atomic uorine was generated from F2 in a remote plasma and helium was used
as a carrier gas to transport the uorine into the etch chamber. The polysilicon and
silicon nitride were deposited onto wafers using high-temperature thermal vapour
deposition. The SiO2 was thermally oxidised. The raw temperature-dependent etch
rates tabulated in the paper, are plotted in gure 3.4. It clearly shows that the etch rate
increases with increasing temperature. Furthermore, positive reaction activation en-
ergies of 3.55 and 3.36 kcal/mol for Si3N4 and SiO2 respectively have been calculated.
In summary, these ndings suggest that the selectivity of silicon over silicon nitride
and silicon dioxide can be signicantly increased when etching at reduced tempera-
tures. So far, no systematic study has been undertaken to investigate the impact of
the processing temperature on the etch selectivities in XeF2 vapour etching.
The impact of the temperature on HF vapour etch selectivities is complicated because
the condensation of the reactant and catalysts, the ion composition of the liquid re-
active layer and the desorption of the reaction products all depend on the temper-
ature. In 1966, Holmes and Snell [42] found that SiO2 can be etched by HF vapour.
Their rudimentary set up consisted of a temperature-controlled wafer, which was
suspended above an HF bath. The temperature of the HF was controlled by heat-
ing or cooling Argon, which was pumped into the reactor and the experiment was
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Figure 3.4: The silicon dioxide and silicon nitride etch rate when
etched by uorine radicals, plotted as a function of temperature. The
data for this plot was obtained from Loewenstein [51].
conducted over a temperature range of 0 - 40 °C. The results displayed in gure 3.5
show that the etch rate reached a maximum at 23 °C, falling to roughly 40 % of this
value at 5 °C. Above a temperature of 28 °C, the etch rate fell linearly to zero. Dur-
ing these experiments, the temperature dependent formation of liquid droplets on
the surface was observed. Consequently, the lower etch rates at lower temperatures
were explained to be a result of the dilution of the HF. At the higher temperatures, no
droplets formed and no etch was observable. The temperature data should be viewed
with caution because there was no control over the pressure conditions or the hu-
midity in the reactor. However, the importance of the condensation and evaporation
mechanism in HF vapour etching was correctly identied.
A poorly executed study into the temperature dependency of etching various oxides
with vapour HF was conducted by Wong et al. [30]. They operated in a temperature
regime of 25 - 50 °C. They found that the etch rate of doped oxides declined much
slower than the etch rate of undoped oxides. This was explained with the drying of
the wafer. It should be noted that the study has various aws. For instance, the etch
time in all cases was only 10 seconds. The incubation time to initiate the etch may be
longer. Secondly, the total removal of various materials was only 0.01 - 0.8 nm, which
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Figure 3.5: Etch rate of Silicon Dioxide plotted as a function of tem-
perature. The data was normalised due to uctuation with the daily
humidity in the lab. Reprinted from [42] with permission from Else-
vier.
is within the error range of most ellipsometers. Finally, the structure of the work, in
particular, the introduction and the discussion are substandard.
Watanabe et al. [71] tried to improve the selectivity of borophosphosilicate glass
(BPSG) towards SiO2 in HF/H2O solutions in order to reduce the size of the capacitors
in dynamic random access memory (DRAM) devices. Experiments were conducted in
a purpose built reactor at temperatures of 20, 45 and 65 °C and an increased selectivity
of BPSG over SiO2 at higher temperatures was observed. The reason postulated for
this was the suppression of condensation of water at higher temperatures resulting
in a decreased ionisation of the HF and a subsequent decrease in the SiO2 etch rate.
At the same time, even at 65 °C, a liquid layer of H3PO4(H2O) formed on the BPSG,
which allowed the continuing ionisation of the HF and hence has a barely noticeable
eect on the BPSG etch rate.
The previously described studies focused on managing the condensed liquid layer on
the sample. However, more recent research shows that the temperature also changes
the ionisation properties of HF within this liquid layer. Knotter suggests [46] that
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at higher temperatures the HF equilibria shift from the diuorides to the monou-
orides, and that SiO2 is mainly etched by diuorides, while Si3N4 is mainly etched
by monouorides. This implies that Si3N4 etching accelerates as the temperature in-
creases, while the SiO2 etching decreases. On the other hand, it also means that a
reduction of the temperature could result in a higher selectivity of SiO2 over SiN,
which is the aim of this research project. This eect has been observed and patented
by memsstar [72]. However, the impact of this phenomena was not characterised.
In summary, a reduction of the temperature has the potential to increase the selec-
tivity both in XeF2 and HF vapour etching. While a temperature of 150 K might yield
the highest selectivities in XeF2 vapour etching, condensation mechanisms limit the
minimum temperatures in achievable HF vapour etching. Nevertheless, both eects
appear promising and are investigated for the rst time, in this study.
3.6 Reactant Excitation
Schwentner et al. [73] [74] [75] [76] investigated the possibility of etching anisotrop-
ically with XeF2. The underlying idea was to rst suppress the spontaneous reaction
of XeF2 with silicon by diluting the XeF2 with a selection of gasses, such as oxygen,
argon and neon.
In most experiments, within those studies, the XeF2 to dilutant ratio was 2: 100 and
the etch pressure was roughly 7.5 Torr (1 mbar). Then, a nickel mesh was patterned
onto the wafer. The wires of the mesh were 10 µm wide, and 100 µm apart. Finally,
the samples were exposed to ultraviolet (UV) light at various wavelengths between
105 and 150 nm during the XeF2 exposure. Using this approach, it was possible to
create an array of anisotropic trenches. The best results were obtained at a wave-
length of 120 nm because, at this wavelength, only the uorosilicate layer forming
on the surface is excited. The quantum eciency was high, as 10 silicon atoms were
removed per impacting photon. It was also found that the non-selective etching of
shaded areas can occur at the absorption spectrum of gas-phase XeF2, which has a
broad maximum at a wavelength of 158 nm [74]. At this wavelength, the XeF2 dis-
integrates into XeF and F [77]. Consequently, it was suggested that the shaded areas
are etched by the uorine radicals, a nding which is supported by another study,
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published by Sugano et al. [78] in 2001.
It investigated wether SiO2 and Si3N4 mask layers could be conveniently removed
by UV light supported XeF2 etching. A wagon wheel test structure was exposed to
the XeF2 and 0 - 3 W cm−1 of UV light, of unknown wavelength, to test if a change
in the etch rate could be observed. It was found that the etch rates increased from
0.252 nm to 4.2 nm per pulse and from 2.73 nm to 40.3 nm per pulse for SiO2 and
Si3N4 respectively. This increase was nearly linear for both materials in the range
of UV exposures of up to 1.5 W cm−1. Beyond that point, the etch rate continued
to increase, albeit at a slower rate. In contrast, the silicon etch rate seems to have
remained constant, even though the ndings do suggest, that uorine radicals are
formed during the UV light exposure.
In summary, it might be possible to enhance the selectivity of silicon over SiO2 and
Si3N4 with exposure to ultraviolet light. However, care must be taken that this hap-
pens at the optimum wavelength of 120 nm, otherwise the XeF2 can disintegrate and
forms free uorine, which etches unselectively. Unfortunately, this method is not
suitable for the release of free-standing structures because the 120 nm wavelength
UV light needs to expose the surface in question, which can not be done when etch-
ing undercuts.
3.7 Summary and Conclusion
A number of dierent methods to increase the etch selectivity between two materials
have been reviewed in this chapter. While surface modulation techniques are promis-
ing for the fabrication of integrated circuits, they are not particularly suitable for the
fabrication of MEMS because the materials are only altered to a very small depth (19
nm) and because the etch rate of silicon nitride is enhanced, rather than reduced.
Similarly, ultraviolet light exposure of the sample during etching seems unsuitable,
because unless the wavelength is 120 nm, it leads to the disintegration of XeF2 and
the reduction of the selectivity. Furthermore, it is dicult to expose undercut areas
to light in any form.
The addition of hydrogen to the gas mix has been shown to neutralise free uorine
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and therefore has a high potential to improve the selectivities in a MEMS fabrication
context. Similarly, a reduction in the processing temperature has the potential to im-
prove selectivities in both XeF2 and HF vapour etching. In conclusion, temperature
adjustments and hydrogen additions appear to be the most appropriate mechanisms
for etch selectivity optimisation in vapour etching and it is these methods, which
have been investigated further in this study.
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Chapter 4
Methodology and Test Structure
Design
4.1 Introduction
This chapter describes one of the primary research contributions of this project, namely
the development of a test structure. As well as detailing the design of the test struc-
ture and the measurement based upon it, this chapter also includes insights obtained
during their development.
4.1.1 Requirements
The aim of the test structure and associated metrology method was to measure etch
selectivities of material combinations undergoing vapour etching. Prior to developing
the test structure, the following requirements were dened.
• The test structure has to replicate realistic MEMS fabrication conditions.
• The test structure has to be able to measure the consequence of the proximity
eect if it occurs.
• The measurement method has to be time ecient, to assure a high throughput.
Ideally, the measurement should be automatable.
• The test structure has to be suitable for the investigation of a wide range of
materials.
• The test structure has to cover a wide range of selectivities. Ideally, it should
be adaptable for dierent etch rates and selectivities.
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• It should be possible to integrate the test structure onto a production wafer.
4.2 Test Structures used in Vapour Etch Studies
The majority of vapour etch experiments are conducted on blanket layers, which
are etched in increments, with the change in layer thickness being measured with an
spectroscopic reectometer . However, a number of more sophisticated test structures
have been presented in the past. This section briey elaborates on their functionality
and compares them to the test structure requirements set out in section 4.1.1.
4.2.1 Aperture Test Structure
The post-etch surface roughness, loading 1, and etch rates have all been measured us-
ing aperture test structures [79][80] [81][82][52][83]. These consist of a mask layer,
with circular or square openings of various dimensions, which are deposited on a sac-
ricial material. Post etching, a surface proler is used to quantify the etched depth,
the trench formation at the edges and the surface roughness. If the mask layer is
transparent, the undercut can be measured under an optical microscope. This test
structure is uncomplicated to fabricate, and accurate measurements can be obtained
quickly. However, the aperture test structure does not full the requirements speci-
ed in Section 4.1.1, because it can not be used to measure the selectivity, nor does it
take the proximity eect into account. If analysing undercuts, only transparent mask
layers can be used.
4.2.2 Waggon Wheel Test Structure
Sugano et al. [84] [85][78] used the waggon wheel test structure depicted in Figure
4.1 to measure the extent of etch undercuts. In this structure, the width of mask layer
and the aperture continuously increases from the center outwards. Therefore, the
underlying material closest to the center will be fully removed rst. As the etch con-
tinues the etch front is pushed further outwards. Post etching, the distance, from the
center to the tip of the triangular sacricial layer is measured by optical microscopy.
Even though this test structure measures undercuts, it does not comply with two of
the requirements set out in Section 4.1.1 and therefore is not suitable for this study.
1The term loading describes the localised slowing of the etch rate due to reactant depletion.
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Figure 4.1: The waggon wheel test structure as used by Sugano et al.
Reprinted from [84] with permission from Springer Nature.
Firstly, it requires a transparent mask layer, which excludes many materials of inter-
est. Secondly, the measurement procedure is quite time consuming and dicult to
automate.
4.2.3 Membranes and Cantilevers
Membranes have been used as test structures to demonstrate stiction free etching [86]
[87]. Anguita’s [86] hexagonal membranes had a surface area of 65 mm2, and were
released through 817 access holes with a diameter of 4 µm.
Initially, an improved version of the membrane like test structure presented in gure
4.2 was considered and tested for this work. The intention was to place the two tar-
get materials beside each other and to cover them with a polysilicon mask layer. Etch
access holes of various diameters were placed above the interface. The layout and
cross section of the test structure are presented in gures 4.3 (a) and (b) respectively.
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Figure 4.2: 190 µm diameter membrane test structure for evaluating
the XeF2 sacricial etch. Published in [87] by courtesy of memsstar Ltd.
Figure 4.3: (a) presentes the layout of an initial attempt of a HF vapour
etch selectivity test structure and (b) shows the cross section. The tar-
get and sacricial layer were covered with a polysilicon capping layer.
The labels above the squares indicate the diameter of the etch access
holes.
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Figure 4.4: Optical images obtained from a preliminary HF vapour etch
selectivity test structure. The diameter of the etchant access hole is
10µm. The outermost ring indicates the extent of the undercut. (a)
shows the undercut of the SiO2, (b) shows the undercut of both Si3N4
and SiO2 etched in proximity and (c) displays the undercut of the Si3N4.
The etch undercuts can be measured from images made using an optical microscope.
Examples of such images are presented in gure 4.4. They were obtained from a pre-
liminary sample that was fabricated using localised oxidation (LOCOS) process 2. In
this case the sacricial and target layer were SiO2 and Si3N4 respectively.
Eventhough the preliminary experiments with SiO2 : Si3N4 samples were promising,
it is very dicult to manufacture these test structures with PECVD SiO2 and PECVD
SiN, because chemical mechanical polishing (CMP) is required to planarise the sur-
face after the deposition of the materials. In the case of PECVD SiN and PECVD SiO2
special pads would have to be purchased in order to planarise both of these materials
to one level. Another disadvantage of this method is, that only tranparent mask lay-
ers can be used. Therefore, this approach was not pursued and alternative methods
were explored.
Cantilever test structures have been used to demonstrate stiction free etching [83]
[88] and to demonstrate that certain etch processes are suitable for MEMS fabrica-
tion [89]. Van Barel et al. [34], [90] presented a very interesting concept for wet
2The locos process describes a fabrication method were Si3N4 is deposited on the substrate and
patterned. SiO2 is then grown in the open regions, while the remainder of the sample is protected by
the Si3N4 mask.
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Figure 4.5: The surface proler measurement of the cantilever test
structures, developed by van Barel et al. [34]. The label (a) represents
the mask layer (b) the sacrical layer and (c) the proler stylus tip.
Reprinted from [34] with permission from IOP Publishing.
etch processes. Their test structure consists of an array of cantilevers with increasing
width. After etching, a surface proler scans the array. If suitable proler setting are
chosen, the released cantilevers deect, while the cantilevers that have not been fully
undercut remain at their original height. The undercut is equal to at least half of the
width of the widest cantilever deected. Figure 4.5 shows the operating principle.
This measurement principal does not require a transparent mask layer, the surface
proler measurement can be easily automated and a wide range of etch rates can be
measured. Furthermore, the release of free standing cantilevers is an excellent model
for MEMS fabrication processes. Therefore, this design for an etch rate test struc-
ture was used as a starting point in the development of the selectivity test structure
presented in this thesis.
4.3 Measurement Method
The metrology method developed in this work is based on releasing an array of free-
standing bridges and measuring their displacement with a surface proler stylus. The
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Figure 4.6: The annotated layout of the test structure bridge array.
This gure has been in published in slightly dierent form in [23] and
[28].
width of the bridges decreases incrementally, in a similar manner to the cantilevers
presented by Van Barel et al. [34]. However, bridges are used in place of cantilevers,
because they are more mechanically robust, they are less prone to stiction and give
a more reliable indication of undercut by limiting the access of the etchant to two
sides, rather than three. In this work, the release layer is underlain by a target layer
(Compare gures 4.6 and 4.7 (a) for the layout and cross section respectively). The
sacricial layer can be made of any material, which is preferentially removed in the
respective vapour etch process. For instance polysilicon in XeF2 vapour etching and
SiO2 in HF vapour etching. The target layer, however, can be any material against
which the etch selectivity needs to be known. The proximity eect is taken into ac-
count in this test structure due to the juxtaposition of the sacricial layer and the
target.
After both the sacricial and the target layer have been exposed to the etchant for
a predened time, the bridge array is scanned by a surface proler. If a bridge has
been released, it can be vertically displaced by an amount equal to the thickness of
the material which has been removed. The resulting surface prole clearly shows if
Chapter 4. Methodology and Test Structure Design 51
the bridge has been vertically displaced by the thickness of the sacricial layer, or
by the combined thickness of the sacricial layer and the target layer. The undercut
is half of the width of the widest bridge that can be fully displaced. The schematic
cross section displayed in Figure 4.7 shows a bridge being etched and displaced by
the surface proler’s stylus.
(a) shows the test structures cross-section prior to etching. It should be noted
that both the sacricial and the target layer are exposed to the etchant through
the trench.
(b)-(d) show the gradual etch of both layers as more etch time passes.
(e) depicts the displacement of a bridge by the stylus proler.
(f) shows a small hill of the target material and the surface proler’s stylus
displaces the bridge vertically by the thickness of the sacricial layer.
(g) shows that the etch has proceeded even further and both layers have been
fully removed. In consequence, the proler displaces the bridge by the com-
bined width of both the sacricial and the target layers.
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Figure 4.7: A generalised series of cross section showing the measure-
ment methodology. The individual steps have been labelled within the
gure. This gure has been in published in slightly dierent form in
[23] and [28].
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4.4 Materials, Layout and Design Considerations
A range of combinations of materials can be used as structural, sacricial and target
layers. When choosing the structural layer, the mechanical properties of the material
need to be taken into account to ensure that the bridge does not collapse after the re-
lease or buckle extensively due to stresses within the layer. Furthermore, the material
used should be inert to the etchant.
The sacricial layer can be freely chosen in order to reect realistic MEMS fabri-
cation conditions. At this stage, it is crucial to accurately determine the thickness of
the sacricial layer because it is required as a benchmark for when the test structure
is being measured with the surface proler. In this study, blanket test wafers were
processed under the same conditions as the sample wafer. They were then measured
using a spectroscopic reectometer. The desired sacricial layer thickness was 500
nm because it enables a measurable displacement of the proler whilst involving rea-
sonably fast deposition times.
Similarly to the sacricial layer, the target layer material can be chosen to reect
realistic MEMS fabrication conditions. Again, it is essential to determine the layer
thickness accurately using a blanket test wafer. In this study, the target layer thick-
ness of dierent samples varied between 200 and 450 nm. The etch rates for both
layers appeared to be independent of the thickness of the layers. Even though it was
not observed in this study, the etch rates may slow down if the layers are signicantly
thicker. This could either be due to the loading eect when the etchant is consumed
faster than it is resupplied or due to gas ows within the undercut that prevent the
reactants from owing to the etch front. Similarly, stresses between the layers did
not seem to cause any issues in the study into XeF2 vapour etching. However, the
test structures used in the HF vapour etch experiments required a 10 minute bake at
150 °C to release the stress in the copper capping layer. The etch stop layer is only
required if the etchant is likely to attack the silicon substrate. This is the case for
XeF2, and 50 nm thick platinum layers were used as an etch stop. Using platinum has
the advantage that it also acts as an etch stop for the reactive ion etching required to
form the etch access trenches. However, platinum is expensive. Therefore, SiO2 was
used as a more cost-ecient etch stop layer where appropriate.
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The layout of the test structure used in this study is displayed in Figure 4.6. The
arrays on the top have bridge widths ranging from 2 to 50 µm and the width in-
creases in increments of 1 µm. This results in an undercut measurement resolution
of 500 nm. The widths of the bridges displayed in the arrays on the bottom of Figure
4.6 range from 50 µm to 100 µm. This results in an undercut measurement resolu-
tion of 1 µm. Those bridge widths were selected, because they allow to measure a
selectivity range from 1: 1 to 50: 1, with an undercut resolution of 500 nm. If larger
selectivity ranges need to be measured, a row of bridges with increased width can be
added. When fabricating the test structure, it is important to control the bridge width
during photolithography and anisotropic etching carefully because, in particular for
the narrower bridges, width variations are one of the main error sources (More details
are provided in the Section 4.7.1). In this study, multiple attempts were required to
ne tune the photolithography process. Using the photoresist datasheet as a guide-
line, soft and hard baking temperatures and times between 90 and 115 °C and 70 to
90 s respectively were tested. In order to optimise the exposure dose, exposure times
between 10 to 20 seconds were tested. The 300 µm long bridges were separated by
5 µm wide trenches as this allows the surface proler’s tip, which has a diameter of
2 µm, to measure the full depth of the trench. During the design and prototyping
phase of this test structure, bridges arrays with 100 µm, 200 µm and 300 µm were
fabricated and it was observed that the length did not have any eect on the etch
rate. Therefore, the 300 µm long bridges were used in the nal design. This bridge
length is a trade-o between the required low spatial occupation of the test structure
on a production wafer and the ease with which alignment of the test structure can be
completed in preparation for the surface proler measurement.
The test structures presented in this study were fabricated on 4 inch silicon wafers.
Each wafer consisted of ninety chips with eight test structures and an identication
label. The chips are bounded by 100 µm wide dicing channels.
4.5 Surface Prole Measurement and Interpretation
In the experiments presented, each sample is a chip which contained 8 test structures.
Following etching, the chips were put on a custom-build chip holder with a capacity
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for twelve chips. The chip holder was designed to be compatible with a Bruker Dektak
XT, which can be programmed to operate automatically and to process and store the
resulting data. It is essential to carefully ne-tune the surface prolers measurement
parameters, in particular the downforce and the scan speed, to prevent measurement
failure (modes described in Section 4.7). Each measurement results in a surface prole,
an explanation of which is given using the example displayed in Figure 4.8. The test
structure which produced this plot was used to measure the selectivity of polysilicon
towards silicon nitride in a XeF2 vapour etch process. It was etched at a pressure of
9 Torr at a temperature of 30 °C. The nitrogen carrier gas ow was 100 sccm and the
etch time was 40 seconds. On the prole, ve bridge arrays can be distinguished. The
narrowest bridge is on the far right, the widest on the far left. The wider bridges in the
two arrays on the left have not been displaced at all. In contrast to that, the narrower
bridges of the two arrays on the right have been vertically displaced by more than
650 nm. In this example, the central array, within which the bridges are 21 µm to 30
µm wide, can be used to determine the etch rates. The widest bridge that has been
displaced by 450 nm is 29 µm wide. This indicates that 14.5 µm of polysilicon have
been undercut during the etch time. The 24 µm wide bridge is the widest one that has
been displaced by more than 650 nm. Therefore, the silicon nitride has been undercut
by 12 µm. The etch time was the same for both materials. Therefore, dividing both
undercuts yields the selectivity. This example measurement results in a polysilicon
to silicon nitride selectivity of 1.2:1.
4.6 Measurement Verication
Two methods were used to verify if the surface prole reliably represents the etch
undercut. Firstly, ve etched and measured samples from the process calibration
were randomly selected. Then, the aluminium structural layer was removed by etch-
ing. Guided by the measured surface prole Energy-dispersive X-Ray spectroscopy
(EDX)3 was used to measure the chemical composition of the materials beneath the
bridges.
3To conduct an EDX measurement an electron beam is focused on the sample. The beam’s inter-
action with the specimen results in an element specic X-ray emission that allows to characterise the
sample chemical composition [91].
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Figure 4.8: An example surface prole generated by the measurement
of the test structure. The thickness of the polysilicon sacricial layer
and the silicon nitride target layer is indicated within the gure. An-
other measurement obtained from a dierent test structure on the same
chip was published in [23].
An example surface prole with the corresponding EDX measurements is displayed in
Figure 4.9. Each EDX measurement data point is the average of three measurements
taken in the middle and at either end of the bridge structure along its centerline. The
data shows that, with increasing bridge displacement, the nitrogen content decreases
until no nitrogen is measured, thereby conrming the test structure, which had in-
dicated the complete removal of the silicon nitride. Similarly, the oxygen content
measured increases as layer thinning is indicated by the test structure. This indicates
that silicon dioxide is becoming the dominant layer measured. The resulting mate-
rial compositions from the EDX measurement agreed with the information obtained
from the surface proler measurements for all ve samples. The vertical penetration
of the electron beam can be upto 2 µm. This explains why oxygen was measured at
locations that were covered by silicon nitride.
For the second verication method, cross-sections of the test structures were made
using a focused ion beam (FIB). The cross-sections were then imaged using an SEM.
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Figure 4.9: The surface prole of a test structure from the design phase
with the respective EDX measurements displayed at the correspond-
ing location. The test structure had an aluminium structural layer, a
polysilicon sacricial layer, a silicon nitride target layer and a silicon
dioxide etch stop.
The example in Figure 4.10 shows a 31 µm wide bridge which is being supported by
a narrow polysilicon pillar. The respective surface prole showed no bridge deec-
tion. In contrast, Figure 4.11 shows that the polysilicon sacricial layer has been fully
removed from underneath the 28 µm wide bridge, while a small hill of the silicon ni-
tride target material remains. The respective prole showed that this bridge had been
deected by the thickness of the polysilicon sacricial layer. It also showed that the
target layer had not yet been removed. Both gures were obtained from the same test
structure. The information obtained from the SEM cross-sections are coherent and in
agreement with the information obtained from the surface proler measurements.
In summary, both measurement methods supported the conclusions drawn from the
surface proler measurement and conrm that the data obtained by this method is
reliable and can be used for etch selectivity experiments.
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Figure 4.10: A cross section SEM image of a 31 µm wide bridge show-
ing a narrow polysilicon pillar, supporting the aluminium bridge and
preventing the deection of the bridge during the surface proler mea-
surement. The SEM image component of the gure was also presented
in [23] and [28].
4.7 Measurement Considerations
Some of the precautions which should be taken to ensure that the test structure de-
livers valid measurements are outlined in this section.
4.7.1 Photoresist Patterning
The bridge width has a substantial eect on measurement accuracy, in particular for
the narrowest bridges. If, for example, the width of the 10 µm wide bridge deviated by
1 µm, the resulting measurement would give an error of 10 %. In order to minimize
the width deviation, the photoresist patterning process was carefully developed in
multiple iterations. The most accurate bridge widths were achieved with SPR-220
photoresist, spin-coated for 1 minute at 3000 rpm to give a 3 µm layer. The wafer was
baked for 90 seconds at 115 °C and exposed in a mask aligner for 15 seconds (hard
contact, power density 4mWcm−2). The wafer was then post-exposure baked for 90
seconds at 115 °C and the resist was developed for 60 seconds in the resist developer
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Figure 4.11: A cross section SEM image of a 28 µm wide bridge not
showing any polysilicon. Instead, the aluminium bridge is supported
by the 180 nm thick silicon nitride target layer. The SEM image com-
ponent of the gure was also presented in [23] and [28].
MF-26. Furthermore, to assure the quality of each sample wafer fabricated, the width
of ve (between 11 -15 µm) bridges was measured under a microscope on ve separate
chips. One chip was located at the centre of the wafer, while the other four were those
closest to the edges of the wafer (top, bottom, left and right). If the bridge width of the
developed photoresist deviated by more than 5 % from the nominal width, the resist
was removed and the resist deposition and patterning process was repeated.
4.7.2 Trench Etching
Compared to the photoresist patterning, the anisotropic etching of the layers to form
trenches is more straightforward. However, care must be taken to prevent over or
under etching. If XeF2 is to be used in the subsequent vapour etch step, it is essen-
tial to keep the etch stop layer intact to prevent the etching of the underlying silicon
substrate. The most secure method to achieve this is the use of an etch stop, which is
inert to the reactive ion etch, such as platinum. If this is not possible and a transparent
layer is used instead, the etch progress can be monitored by measuring the thickness
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of the layer in the dicing channels with a spectroscopic reectometer.
Similarly, the target layer would not be exposed to the etchant at the same time as
the sacricial layer if the sample was under etched. Therefore, the reactive ion etch
progression was repeatedly measured using a surface proler. The measured trench
depth was compared with the layer thickness measured and recorded after the layer
deposition. It should be noted that, for the reactive ion etcher used in this study, the
etch rate in the centre of the wafer is slightly faster than the etch rate at the edges of
the wafer. For the samples presented in this study where the etch stop layer was not
inert to the reactive ion etch, the etch stop layer was slightly thinned at the centre of
the wafer.
4.7.3 Duration of Etching
The rst error source relates to over and under etching of the test structures during
the vapour etch process. The narrowest bridge used in this study was 2 µm wide.
Hence under etching occurs if the etched undercut is less than 1 µm. The under etch
can be overcome by extending the etch time. If the etch time is xed, and the technical
means are available, the test structures can be fabricated with a reduced bridge width.
The widest bridge used in this study is 100 µm wide. Hence, over-etching occurs when
the etch undercut exceeds 50 µm. This can be overcome by reducing the etch time or
by fabricating additional samples with wider bridges.
4.7.4 Mechanical Destruction of the Bridges
The bridges can be destroyed during the measurement if the wrong proler settings
are used. If the downforce is too high, or the scan speed is too fast, the bridges can
be ripped from their anchors on either side. This can be prevented by using a lower
downforce and by reducing the scan speed.
4.7.5 Bouncing Stylus
Care needs to be taken not too reduce the downforce to much, as this can results in
the stylus bouncing o the bridges. This fault is easy to identify because the resulting
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prole indicates a positive bridge displacement. A downforce of 2 - 3 mg avoided both
the mechanical destruction of the bridges and prevented the bouncing of the stylus.
4.7.6 Bridge Deection
It is suspected that too high a scan speed can result in the mechanical deection of the
bridge. In this case, the surface proler signal shows one or more peaks of bridges
within an array that has been otherwise released. This phenomenon can be easily
overcome by reducing the scan speed.
4.8 Summary and Conclusion
Within this chapter, the requirements for the test structure and measurement method-
ology needed for this study were dened. These requirements, were compared with
vapour etch test structures used in previous studies. It was found that the etch un-
dercut can be conveniently and accurately measured with a surface proler. Inspired
by the literature, a bridge based test structure based on the release of bridge arrays
with incrementally decreasing width has been designed and optimised, enabling the
measurement of etch selectivities between pairs of materials.
This design reects realistic MEMS fabrication conditions and where it occurs, it takes
the proximity eect into account. Furthermore,the layout, design and lessons learned
from practically designing and using the test structure and measurement method
were presented. On the basis of the practical application of the test structure, error
sources were identied and measures to prevent them from occurring were presented.
Finally, advanced material characterisation methods were used to verify that the sur-
face prole resulting from the test structure measurement reliably represents the etch
front progression and material removal.
In conclusion the rst test structure which can be used to characterise the vapour
etch selectivity under realistic MEMS fabrication conditions has been presented. The
layout can be adjusted to accommodate dierent selectivity ranges and, due to its
small dimensions, can be easily placed on production wafers for industry applica-
tions. Furthermore, the measurement method allows the measurement of multiple
Chapter 4. Methodology and Test Structure Design 62
samples automatically, only requiring a tool operator for the initial alignment of the
chip holder and to start the dedicated measurement programme. The resulting surface
proles can be analysed and the results read within a matter of seconds.
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-Chapter 5
Investigation of XeF2 Selectivity
5.1 Introduction
This chapter focuses on XeF2 vapour etch selectivity. The three aims of this study are
the characterisation of (1) the proximity eect; (2) the eect of process temperature
on the etch selectivity; and (3) the eect of supplying hydrogen and xenon diuoride
into the etch chamber simultaneously on the etch selectivity.
5.2 Objectives of the Study
This chapter is focused on the eorts made to control XeF2 vapour etch selectivities
for material combinations commonly used in the MEMS and NEMS fabrication pro-
cesses. The literature presented in chapter 2 and 3 suggests rstly that the proximity
eect reduces the selectivity signicantly and secondly that reducing the tempera-
ture and/or by owing hydrogen into the chamber signicantly increases selectivity.
Based on the literature review, the above factors are examined in the following sec-
tions.
5.2.1 Characterisation of the Proximity Eect
The published knowledge regarding the proximity eect is minimal. Even though
section 2.3.6 summarised the problem in MEMS fabrication caused by material prox-
imity and suggested an explanation of the associated chemical reactions, the extent
of the eect has not been fully characterised. To date, no methods to address the oc-
currence of low selectivities have been presented.
The following objectives were dened to facilitate an increased understanding of the
proximity eect and thereby reduce its impact on MEMS and NEMS fabrication:
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• Investigate, whether the proximity eect, previously only observed for silicon
dioxide etching also occurs when etching silicon nitride.
• Measure the spatial extent of the proximity eect and determine the minimum
layer separation required to prevent its occurrence.
• Quantify the selectivity of layers, etched subject to the proximity eect. In
addition, etch and measure the selectivities of blanket layers processed under
identical conditions to establish a benchmark. The resulting selectivities will
then be compared with the data presented in the literature.
• Use the experimental data obtained to determine whether the data is in agree-
ment with the theoretical description of the etch process suggested in the liter-
ature [49], [92] [22].
5.2.2 Characterisation of the Temperature Eect on the Selec-
tivity
Section 3.5 presented research that suggested that the maximum etch rate of Si in
XeF2 occurs at the lowest possible temperature of 150 K. In the context of the prox-
imity eect, it also presented evidence that the reaction rate of uorine radicals with
silicon dioxide or silicon nitride increases proportionally to the process temperature.
Even though the theory suggests, that selectivity improvements could result from low
temperature processing, this has not been conrmed experimentally, and the extent
of these improvements is unknown. Hence the following objectives were dened:
• Investigate whether the reduced selectivity resulting from the proximity eect
can be improved by reducing the processing temperature.
• Characterise the extent of possible improvements.
• Outline how these ndings could be used to enhance the performance of vapour
etch tools in the future.
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5.2.3 Characterisation of the Eect ofAddingHydrogen as Pro-
cessing Gas on Etch Selectivity
Publications presented in Section 3.4 suggest that owing hydrogen into the process-
ing chamber could result in a reaction with the uorine radicals produced by the
proximity eect, in order to create non-reactive hydrogen uoride. It was also sug-
gested that a protective uorocarbon layer could form on the surface of SiO2 lms.
To date, these phenomena have not been evaluated in the context of XeF2 vapour
etch selectivity. It is unclear if signicant changes will be observed and hence the
following objectives were dened:
• Investigate whether the reduced selectivity resulting from the proximity eect
can be improved by supplying hydrogen into the reaction chamber during pro-
cessing.
• Determine the relationship between the hydrogen concentration within the
etch chamber and the selectivity.
• Outline how these ndings could be employed to enhance the performance of
vapour etch tools in the future.
5.3 XeF2 Selectivity Experiment
5.3.1 Equipment
A schematic if the commercial memsstar Alpha Orbis XeF2 etch tool that was used for
this study is displayed in gure 5.1. In contrast to most of the previously published
research on XeF2 etching, the gas is continuously supplied to the reaction chamber of
this tool rather than in pulses. Nitrogen is used as the carrier gas and the processing
pressure is variable, adjustable to a maximum of 10 Torr in intervals of 0.1 Torr. The
pedestal temperature can be varied and set at values between 5 and 45 °C in incre-
ments of 0.1 °C. Additional gasses, such as hydrogen can be owed into the chamber
during processing. The XeF2 is stored in solid form in a bubbler and supplied to the
reaction chamber by owing controlled amounts of nitrogen through it. A limitation
of this setup is, that the XeF2 supplied to the chamber from the bubbler depends on the
amount of solid XeF2 within the bubbler. As the XeF2 is depleted, the XeF2 ow rate
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Figure 5.1: Schematic of the memsstar Alpha Orbis XeF2 etch tool used
in this study.
into the chamber decreases. In order to account for this, the XeF2 ows were measured
before and after every experimental session. The chamber pressure is automatically
controlled by an automatic pressure controller. Compared to other commercial etch
tools, the Alpha Orbis has two key advantages. Firstly, in pumped systems, the XeF2
is consumed as the etch progresses and therefore, the etch rate gradually decreases
during the etch process. In contrast to that, the continuous supply of the reactant
allows the etch rate to be constant in this system. Secondly, the automatic pressure
controller, mass ow and temperature controllers enable high process control.
5.3.2 Test Structures Fabrication
The test structure and measuring method described in chapter 4 was used for this
experiment. Five dierent designs were fabricated, etched and measured. Those are
identied by the material of their target layer as SiN-PECVD, SiN-LPCVD and SiO2-
PECVD. For those samples, the target material is placed below the sacricial layer.
Two of the designs labelled SiN-Reference and SiO2 Reference are benchmark sam-
ples without a sacricial polysilicon layer. In general, the fabrication process for all
samples is the same, with only the layer composition being dierent. The general fab-
rication process of the test structures is presented in gure 5.2 (based on the sample
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Figure 5.2: Schematic process ow of the fabrication process of the
SiN-PECVD test structure. This gure has been published in [23].
with the SiN-PECVD target layer). Their layer composition and thicknesses are pre-
sented in table 5.1. The silicon nitride and silicon dioxide etch rates measured from
the reference samples will be compared with the ones obtained from the other three
samples in order to characterise the etch rate altering eect of proximity etching. The
detailed layer composition of the samples with a target layer is presented in table 5.2.
The deposition recipes and processing parameters for each sample are available in
the run sheets, located in the appendix.
After deposition of the above layers the remaining fabrication process was identical
for all samples. The photoresist was patterned using the method outlined in section
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Layer Description SiN-Reference SiO2-Reference
Capping Layer 350 nm Aluminium 350 nm Aluminium
Sacricial Layer - -
Target Layer 450 nm PECVD SiN 500 nm PECVD SiO2
Etch Stop 50 nm Platnium 50 nm Platnium
Adhesion Layer 10 nm Ti 10 nm Ti
Wafer Silicon Silicon
Table 5.1: Layer conguration of the reference samples. This data has
been published by the author of this study in [27].
4.7.1 and gure 5.2 (b) shows the design after photoresist patterning. The etchant
access trenches were anisotropically etched into the aluminium capping layer and
the polysilicon sacricial layer with chlorine etch chemistry, using an STS Multiplex
Reactive Ion Etcher (RIE). The trenches continued into the target silicon dioxide and
silicon nitride layers through the use of uorine etch chemistry with a Plasma Tech-
nology JLS RIE80. The detailed etch parameters for each sample are available in the
run sheets. Finally, the resist was stripped and the wafers were diced into 11 mm long
and 5 mm wide chips. Each chip consists of 8 test structure arrays and an alphanu-
merical identier code.
Layer SiN-PECVD SiN-LPCVD SiO2-PECVD






Sacricial Layer 500 nm LPCVD
Polysilicon
500 nm Polysilicon 500 nm Polysilicon






Etch Stop 50 nm Platnium 500 nm SiO2 50 nm Platnium
Adhesion Layer 10 nm Titanium - 10 nm Titanium
Wafer Silicon Silicon Silicon
Table 5.2: Layer conguration of the samples subject to the proximity
eect. The data presented in this table has been published in [27].
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5.3.3 Experimental Set-Up
In order to ensure that the Alpha Orbis process tool was running smoothly, a stan-
dard etch process was run on an empty chamber before every experimental session.
The gas ows and pressure were monitored to verify the correct operation of the tool.
Then, a tool-specic calibration run was performed to assure that all gas owed as
required and specied in the recipe. After the temperature of the pedestal was ad-
justed to the desired value, the chamber was vented and the sample loaded. At this
point the etch recipe was programmed and the etch process started. The tool enables
control of the pressure, carrier gas ow and etch time with reactants owing into the
reaction chamber continuously.
Preliminary experiments revealed that the chamber pressure and the carrier gas ow
vary by less than 0.5 % during processing. However, the amount of XeF2 carried into
the chamber depends on the amount of solid XeF2 within the bubbler. This gradually
decreases over extended periods of tool usage. The quantity of gas carried into the
chamber also decreases when running etch processes in rapid succession. Uniform
process condition can be assured, if the tool is given a break of approximately one
hour between every ve etch runs. This must be taken into account when conduct-
ing more experiments that require more than ve runs. The absolute amount of XeF2
supplied to the chamber has a signicant impact on the etch rate and is, therefore,
the largest source of error.
An external cooling and heating unit controls the pedestal temperature. When oper-
ating within the range of roughly 10 – 35 °C the temperature displayed on the external
unit is calibrated to the measured temperature of the pedestal. For values outside this
range, an additional measurement of the pedestal temperature was made to assure
that the pedestal had reached the required processing temperature.
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5.4 Results: Proximity Eect Characterisation
5.4.1 Reference Samples
Multiple samples were etched under dierent process parameters. The pressure, XeF2
ow and etch time ranged from 3 to 10 Torr, 15 to 35 sccm and 40 to 80 seconds re-
spectively.
The rst important observation was that if the target layers of the reference sam-
ples etched they did so with a rate of less than 250 nm min−1. This was observed
for any of the SiN-Reference and SiO2-Reference samples (test structures without a
target layer), during the entire experiment. The etch times varied between 60 and 120
seconds. Signicantly longer etch rates were not conducted for three reasons:
Firstly, long runs are quite expensive due to the high cost of XeF2. Secondly, long
runs result in the depletion of XeF2 that can lead to inconsistent gas ows over the
duration of the experiment. Thirdly, the results observed were as the literature [93]
suggests, with etch rates of PECVD silicon dioxide and stoichiometric silicon nitride
in XeF2 being "zero or very slow" and 12 nm min−1 respectively.
This observation is also in excellent agreement with blanket wafer etch experiments
conducted by Drysdale [33]. He used the same deposition and etching equipment as
used in this study and was unable to measure a change in the thickness of wafers
that were blanket coated with PECVD SiO2 and PECVD SiN layers after 4 minutes of
etching.
5.4.2 PECVD Silicon Nitride
The apparent inertness of silicon nitride and silicon dioxide towards XeF2 exhibited
by the reference samples contrasts strongly with the data obtained from this work’s
test structures as presented in gures 5.3, 5.4, 5.5 and 5.6. These gures show rapid
etching of silicon nitride and silicon dioxide target layers as a result of the proximity
eect of the polysilicon sacricial layer.
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Figure 5.3 shows data obtained during preliminary experiments with a test struc-
ture similar to the SiN-PECVD sample described above (The only dierence is the
thickness of the target layer which was 210 nm in this case and 450 nm in the case
of SiN-PECVD). Each data point presented was etched at a dierent carrier gas ow,
processing pressure and etch time combination. Each measurement point is the av-
erage of 8 measurements taken on a single chip. The error bars show the standard
deviation. Regardless of the dierent process settings, the selectivity of polysilicon
to PECVD SiN is constant at approximately 1.25: 1.
This preliminary observation was further investigated later experiments. The data
obtained from the sample PECVD SiN is presented in gure 5.4. (a) and shows that
the ratio of the polysilicon and PECVD silicon nitride etch undercuts increases lin-
early over time. This suggests that the etch rate is constant over time. Furthermore,
the polysilicon to silicon nitride selectivity lies between 1.2: 1 and 1.3: 1, which is in
reasonable agreement to the 1.25: 1 selectivity measured in the preliminary experi-
ment.
Figure 5.4 (b) plots the polysilicon and PECVD silicon nitride etch rates and their se-
lectivity as a function of the XeF2 ow. The etch rates decreases linearly with increas-
ing XeF2 ow, which can be explained by assuming an associated decrease in XeF2
concentration. The eect is a result of the way in which the tool operates, whereby
nitrogen is owed through a bubbler lled with XeF2 in order to supply the gaseous
etchant to the process chamber. For instance, if 25 sccm of N2 is used as the carrier
gas, roughly 16 sccm XeF2 is transported to the chamber. This corresponds to a ratio
of 3 to 2. However, if 100 sccm of N2 was used as the carrier gas, roughly 36 sccm
of XeF2 ows into the chamber, corresponding to a ratio of 3 to 1. This shows that
the XeF2 partial pressure decreases with increasing carrier gas ow. The XeF2 ows
were obtained through tool inherent ow calculation measurements. For these mea-
surements a predened volume of nitrogen is own through the bubbler and a mass
ow meter measures the volume of gas leaving the bubbler. The dierence between
the two values is the volume of XeF2 supplied into the chamber. For XeF2 ows of
16 and 25 sccm, the polysilicon to PECVD silicon nitride selectivity is roughly 1.25: 1
and in good agreement with the previous observations of PECVD SiN being subject to
the proximity eect. At the highest XeF2 ow rate the selectivity increases slightly to
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Figure 5.3: Dataset from preliminary experiments, comparing the un-
dercuts of polysilicon to that of PECVD SiN. Obtained at various gas
ow, chamber pressure and etch time parameters at a constant tem-
perature of 25 °Celsius. The data suggests a parameter independent
selectivity of 5: 4. The gure was obtained from [23] and [28].
1.6: 1. This may suggest a concentration dependence of the proximity eect, however
more measurement data is required to conrm this.
The data presented in gure 5.4 (c) is dierent from the previous gures. Firstly,
as would be expected, the etch rate increases with increasing chamber pressure up
to 9 Torr. However, the etch rate then reaches a plateau between 9 and 10 Torr. Un-
fortunately, 10 Torr is the upper pressure limit and therefore, this trend could not be
further investigated. With regard, to the selectivity, the impact of the chamber pres-
sure is even more interesting. At lower pressures, a selectivity of 2.5: 1 was measured,
which is signicantly higher than the 1.25: 1 selectivity measured at a pressure of 9
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Torr. This is in contrast to the preliminary data presented in gure 5.3, where no
pressure-related change of the selectivity was observed.
5.4.3 LPCVD Silicon Nitride
Figure 5.5 is structured as the previous one, showing the undercuts and selectivity of
polysilicon and LPCVD SiN as a function of time in (a), the XeF2 ow in (b) and the
processing pressure in (c), respectively. The rst observation that can be made is that
the LPCVD silicon nitride etch rates are slower than the ones observed for PECVD
SiN, but still much higher than the 12 nm per minute suggested by the literature. The
dataset clearly shows that the proximity eect also aects LPCVD silicon nitride.
The polysilicon etch rate behaves in a similar manner to that of the PECVD SiN sam-
ple. It increases linearly proportional to the etch time and processing pressure and
decreases in a near linear manner with the XeF2 ow. In contrast to that, the etch be-
haviour of the LPCVD SiN appears to be dierent from that of the PECVD SiN. Over
time, the etched undercut appears to be constant at roughly 2 µm. This suggests that
the LPCVD SiN ceases to etch at some point in time. Presumably, the SiN etch reac-
tion ceases once the polysilicon in proximity has been etched away.
This observation is further supported by gure 5.5 (c). At low pressures, when the
polysilicon is etched more slowly and remains in the vicinity of the LPCVD Si3N4 for
a longer time, the silicon nitride etches longer, and therefore, the observed etch rate
is comparatively higher. This is probably caused by the molecular movement. The
uorine radicals disperse as they scatter away from their point of origin. A critical
concentration of uorine is required to sustain the etch reaction of LPCVD Si3N4 and
SiO2. The reaction will therefore stop once the sacricial layer etch front has trav-
elled beyond its close "proximity". For the LPCVD Si3N4 datasets presented here, this
distance appears to be 2-3 µm.
The polysilicon to LPCVD SiN selectivity is higher and more volatile than the ones
observed for the PECVD SiN. They range between 4: 1 and 17: 1 and do not appear
to follow any obvious pattern. Probably this is because the LPCVD SiN etch reaction

























































































Figure 5.4: The etch rates of polysilicon and PECVD SiN when etch-
ing in proximity as a function of in (a) time, in (b) the XeF2 gas ow
and in (c) the processing pressure. The gures were previously pub-
lished in slightly dierent form in [27]. Each datapoint is the average
of eight measurements taken from dierent test structures located on
the same chip. The error bars indicate the standard deviation of the
measurements.
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stops once the polysilicon has etched beyond the 2 - 3 µm distance required to main-
tain the proximity eect.
5.4.4 PECVD SiO2
Figure 5.6 shows how the undercuts and selectivity vary with time, XeF2 ow and
process chamber pressure for adjacent layers of polysilicon and PECVD SiO2. Again,
as expected, the polysilicon follows the same trends as earlier samples. The silicon
dioxide etched more slowly than both silicon nitride samples, but still at a signicant
rate. In direct contradiction to the literature suggesting that SiO2 is inert to XeF2
[93], this dataset is further evidence of the existence of the proximity eect, conrm-
ing Veyan et al.[22].
Similar to the observation for LPCVD SiN, the PECVD SiO2 etch rate appears to re-
main constant at around 0.5 - 1 µm per minute, but decreases with increasing pressure.
Both observations suggest that once the polysilicon sacricial layer’s etch front has
exceeded beyond the vicinity of the SiO2, the SiO2 ceases to etch.
The measured selectivities between polysilicon and SiO2 ranged from a minimum at
5: 1 at a pressure of 3 Torr, to a maximum of 30: 1 at a pressure of 10 Torr. As shown
in gure 5.6 (c), the selectivity increases with increased pressure. The data clearly
shows that etching at high process chamber pressure is benecial for the polysilicon
to PECVD silicon dioxide selectivity. This is the case because, at higher pressures, the
polysilicon etch rate increases and "out-runs" the proximity eect sooner.
5.5 Discussion of the Proximity Eect
5.5.1 Comparing the Measurement with Proposed Theoretical
Mechanism
Veyan [22] suggested that uorine radicals, which are formed during the etching of
polysilicon, can attack other materials (Compare section 2.3.6). Two observations


























































































Figure 5.5: The etch rate of polysilicon and LPCVD SiN when etching
in proximity as a function of (a) time, in (b) the XeF2 gas ow and in
(c) the processing pressure. The gures were previously published in
slightly dierent form in [27]. Each datapoint is the average of eight
measurements taken from dierent test structures located on the same
chip. The error bars indicate the standard deviation of the measure-
ments.


























































































Figure 5.6: The etch rate of polysilicon and PECVD SiO2 when etch-
ing in proximity. As a function of (a) time, (b) XeF2 gas ow and (c) the
processing pressure. The gures were previously published in slightly
dierent form in [27]. Each datapoint is the average of eight measure-
ments taken from dierent test structures located on the same chip.
The error bars indicate the standard deviation of the measurements.
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have been made in this experiment which provide supporting evidence towards that
hypothesis. Firstly, no etch could be measured for the reference samples where no
polysilicon layer was etched. In contrast to that, all three materials were etched at a
measurable rate when placed in the proximity of a sacricial polysilicon layer.
This suggests that LPCVD Si3N4 and SiO2 are inert to XeF2. However, they appear to
be etched by the uorine that is formed as a reaction by-product during the etching
of the polysilicon. Secondly, as can be observed in gure 5.4, the linear increase of
both the polysilicon and PECVD SiN undercuts over time suggests that they reach
a steady state and etch at a constant rate. In contrast to that, the SiO2 and LPCVD
Si3N4 cease to etch once a 2 – 3 µm undercut has been reached. Therefore, the data
indicates that the source of the uorine radicals needs to be in close proximity to the
target layer in order to facilitate this etching eect.
The extensive research into the XeF2 etch mechanics conducted by Hefty et al. [50],
[92] can explain both phenomena. The reaction path they suggested is summarised
here, however more details were presented in section 2.3.5. The XeF2 abstracts 1 a
uorine atom at a dangling bond of the silicon, and the remaining XeF molecule is
scattered into the gas phase. It can follow one of two reaction paths. It can either
abstract the second uorine atom on another dangling bond or dissociate and scatter
the xenon atom and uorine radicals. Some of the uorine radicals are backscattered
onto the silicon. There, they break Si-Si lattice bonds and gradually uorinate the
polysilicon, thereby forming SiF, SiF2 and SiF3. Once all the Si-Si bonds are broken,
the resulting SiF4 desorbs into the gas phase.
It was further observed [50] [92] that the XeF2 etch rate of silicon is an order of
magnitude higher than that of F2. It has been suggested that the uorine radicals
originating from the XeF2 backscatter on the silicon surfaces and thereby enhance
the etch rate. Most likely, these backscattered uorine atoms react with the silicon
dioxide or silicon nitride, causing the proximity eect. Relative energy calculations
conducted by Veyan et al. [22] of the reaction between SiO2 and uorine that has been
abstracted from XeF2 provided strong evidence that this reaction path is energetically
favourable. It releases 15.9 eV of energy exothermically.
1The term abstraction describes the removal of an atom by a radical
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It was also observed that the PECVD SiN etched signicantly faster than the LPCVD
Si3N4. The main dierence between these materials is the hydrogen content. While
the atomic hydrogen content of LPCVD Si3N4 is 4 -5 %, the hydrogen concentration
within the PECVD SiN thin lm is process condition dependent and values between
13 -39 % have been reported [94]. Unfortunately, it was not possible to measure the
hydrogen concentration of the PECVD SiN lms used in this study. Furthermore,
Chow et al. [94] found a correlation between the hydrogen content of the PECVD
SiN layers and their respective etch rates when etching the samples in a 13: 2 NH4F:
HF solution. Knotter [46], observed something similar when etching PECVD SiN in
HF. He reported that the etch rate of PECVD SiN in HF increased as a function of etch
time and attributed this observation to the larger amounts of hydrogen incooperated
within the lm’s lower layers. Neither of the publications, however, proposed a chem-
ical mechanism explaining these ndings. However, in the context of the proximity
eect the intermolecular bonds of the hydrogen-rich PECVD SiN are likely weaker
than those of the LPCVD Si3N4. Consequently, the uorine radicals can etch the
hydrogen-rich PECVD SiN quicker.
5.5.2 Comparing the Results with Previous Experimental Data
from the Literature
The selectivities reported in this study are not only in excellent agreement with the
theory of the etch reaction discussed above; they also agree very well with uorine
etch data previously reported:
Loewenstein’s [51] investigation of the temperature-dependent etch rates of thermal
SiO2, LPCVD Si3N4 and polysilicon in the remote plasma generated uorine, resulted
in etch rates very similar to the ones observed in this study. The material properties
of the polysilicon and the LPCVD Si3N4 layers were very similar across both studies.
From the published data, polysilicon to LPCVD Si3N4 selectivities of 7.1:1 and 11.4:1
can be determined for 16 °C and 30 °C respectively. It is more problematic to equate
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the thermal SiO2 used in the published study with the PECVD SiO2 used here. There-
fore, those gures have not been directly compared.
In addition to that, Van de Ven et al. [95] reported a a-Si: Si3N4 selectivity of 8:1
when etching with uorine. Both reference values are in good agreement with the
polysilicon to LPCVD Si3N4 selectivity range of 8.5:1 to 12:1 reported in this study.
Unfortunately, no numerical uorine etch selectivities were found in the literature
for polysilicon towards PECVD SiN. However, it was suggested that "plasma nitride"
(most likely PECVD SiN) etched at a similar rate to Si in CF4/O2 plasmas in [95], [96],
and [97]. If the "plasma nitride" is indeed PECVD SiN, their ndings are in excellent
agreement with the 1.25: 1 polysilicon to silicon nitride selectivities observed here.
There is only a minimal amount of data available on uorine etching of SiO2, and
therefore no polysilicon to SiO2 reference selectivities were found. However, Flamm
et al. [98] etched SiO2 in gaseous uorine and measured etch rates of 60 and 600 Å per
minute at processing temperatures of 250 K and 370 K respectively. These etch rates
are about an order of magnitude lower than the ones observed during SiO2 proximity
etching in this study. This disparity could possibly be explained by the lower chamber
pressures of 0.5 Torr used in Flamm’s experiment.
5.5.3 Deduction and Hypothesis
The experimental results are in excellent agreement with both the theoretical sug-
gestion that uorine forms during the XeF2 etch of polysilicon, and the experimental
data obtained in previous studies for uorine etching of silicon nitride and silicon
dioxide.
Generally speaking, these ndings indicate that all materials etched by uorine are
likely to be subject to the proximity eect. Table 5.3 shows a list of materials used
in MEMS technology, the reaction product with uorine and the respective boiling
point of the uorine-containing compound. If this boiling point temperature is lower
than the processing temperature, the respective material will likely be etched by the
uorine as a result of the proximity eect. This data would appear to be in agreement
with the hypothesis that common MEMS materials such as gallium, germanium and
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Table 5.3: MEMS materials, the compounds resulting from atomic u-
orine exposure and the respective boiling point temperatures. The data
presented here was selected from a more comprehensive table pre-
sented in [99].
tungsten will etch if subject to the proximity eect.
5.6 Summary of Proximity Eect Characterisation
The characterisation of the proximity eect study gave a number of results so far
unseen in the scientic literature, or rearming hypothesis developed by other re-
searchers.
1. The data experimentally proved that both silicon dioxide and silicon nitride
layers can be aected by the proximity eect.
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2. The proximity eect appears to be limited to a distance of 2 - 3 µm.
3. The study conrmed that silicon dioxide and silicon nitride are inert to XeF2
when exposed in isolation.
5.7 Results: Process Temperature Dependence
5.7.1 Polysilicon
The gures presented in this section of the thesis plot the etch rates of polysilicon,
PECVD SiN, LPCVD SiN and PECVD SiO2 as a function the processing temperature.
In all cases, the data clearly shows a temperature dependency of the polysilicon etch
rate; it decreases with increased temperature. This observation was expected. It has
been reported before by Chang et al. [82], and Ibbotson et al. [70] and is in agreement
with theories developed by Flamm et al. [100] and Vugts et al. [69]. The details of
those studies were presented in section 3.5.
5.7.2 PECVD Silicon Nitride
This section includes three datasets investigating the temperature dependency of the
PECVD silicon nitride’s etch rate and selectivity towards polysilicon. The data shows
a mixed picture. Figure 5.7 is the result of preliminary experiments. The data was
excluded from publication [27] because the XeF2 storage of the bubbler was very low
during execution, which resulted in an inconsistent gas ow into the chamber that in
turn gave variable etch rates.
Nevertheless, this dataset is comprehensive and should not be completely disregarded.
Figures 5.7 (a) and (b) show that for etch times of both 40 and 70 seconds respectively,
the PECVD SiN etch rate decreases with increased temperature. It should be noted
that the data presented at 6.5 °C displayed in the gure, was measured roughly a
month after the others and that the reduced etch rates are most likely a result of XeF2
depletion rather than the processing temperature. With regards to the selectivity,
the data is ambivalent. In gure 5.7, the 6.5 °C data point represents a polysilicon
to PECVD SiN selectivity of roughly 2: 1, while the remaining data points represent
selectivites of roughly 1.2: 1. In gure 5.7 (b), the selectivity is nearly constant at 1.2:
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Figure 5.7: The polysilicon and PECVD SiN etch rates and selectivity
obtained from preliminary experiments as a function of temperature.
(a) with an etch time of 40 seconds and (b) with an etch time of 70
seconds. Note: The data points at 6.5 °C have lower etch rates than the
others because they were etched sometime later and the XeF2 in the
bubbler had depleted signicantly resulting in lower etch rates.
1 over the entire temperature range.
In contrast to the preliminary experiment, gure 5.8 shows data obtained with a re-
cently relled bubbler and therefore constant XeF2 ows. In this case, the PECVD
silicon nitride etch rate appears to increases with the process temperature up to a
temperature of 25 °C, after which it stabilises. The polysilicon to PECVD SiN selec-
tivity shows a similar relationship. It reaches nearly 2: 1 at a temperature of 10 °C
and then drops to 1.25: 1 at temperatures exceeding 25 °C.
Chapter 5. Investigation of XeF2 Selectivity 84






























Figure 5.8: The etch rates and selectivity as a function of the process-
ing temperature - Polysilicon: PECVD SiN. Compared to gure 5.7 the
gas ows were stable, because the XeF2 bubbler was freshly lled. The
gure was previously published in slightly dierent form in [27]. Each
datapoint is the average of eight measurements taken from dierent
test structures located on the same chip. The error bars indicate the
standard deviation of the measurements.
5.7.3 LPCVD Silicon Nitride
The etch rate of the LPCVD silicon nitride does not appear to have any dependency
on the process temperature. The selectivity data for those samples is presented in
gure 5.9. The measured etch rates of the silicon nitride were very slow. Small varia-
tions in the silicon nitrides etch rate have had a tremendous impact on the selectivity.
Therefore, the quality of the selectivity data is low and does not allow for a conclusion
to be drawn.
5.7.4 PECVD Silicon Dioxide
The data presented in gure 5.10 suggests that the SiO2 etch rate is unaected by the
change in temperature. The data for those samples does not allow to draw a conclu-
sion on the temperature dependency on the selectivity, because small variations in
the silicon dioxides etch rate have a considerable impact on the selectivity.
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Figure 5.9: The etch rates and selectivity as a function of the process-
ing temperature - Polysilicon: LPCVD SiN. The gures was previously
published in slightly dierent form in [27]. Each datapoint is the aver-
age of eight measurements taken from dierent test structures located
on the same chip. The error bars indicate the standard deviation of the
measurements.
In contrast to the data presented in gure 5.10, a preliminary dataset that was ob-
tained using test structures from the same wafer, suggested that the SiO2 etch stops
at temperatures below 15 °C. The data is displayed in table 5.4. However, this data
is less reliable because the experiment was conducted when the XeF2 levels in the
bubbler were decient, and therefore the amounts of gaseous XeF2 supplied to the
chamber was variable. As a result, the enhanced selectivities at lower temperatures
cannot be condently attributed to temperature eects alone.
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Figure 5.10: The etch rates and selectivity as a function of the process
temperature- Polysilicon: PECVD SiO2. The gure was previously pub-
lished in slightly dierent form in [27]. Each datapoint is the average
of eight measurements taken from dierent test structures located on
the same chip. The error bars indicate the standard deviation of the
measurements.
5.8 Discussion of Process Temperature Dependence
5.8.1 Comparing the Results with Theoretical Mechanisms




one would expect that the etch rate (k) increases when the temperature (T) rises be-
cause the gas constant (R) and the pre-exponential factor (A) are constants and most
commonly the activation energy (Ea) is positive. This temperature-dependent in-
crease in the etch rate has been observed for the uorine etching of polysilicon, SiO2
and thermally grown Si3N4 [51]. This contrasts strongly with the temperature depen-
dency of the polysilicon observed in this work, where the decreasing etch rate with
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T [°C] Polysilicon ER[µm min−1] SiO2 ER [µm min−1] Selectivity
8 14.8 0.0 >29.6
15 14.8 0.0 >29.6
25 14.6 1.3 11.3
46 11.05 1.15 9.8
Table 5.4: Polysilicon and SiO2 etch rates (ER) and selectivities result-
ing from preliminary experiments. Conditions: N2 ow = 100 sccm, P
= 9 Torr, t = 120 s
increasing temperature suggests a negative activation energy, which was calculated
to be -3746 J mol−1 (0.9 kcal mol−1).
5.8.2 Comparison with Published Experimental Data
Even though negative activation energies are uncommon, similar observations have
been made before. Vugts et al. [69] observed the highest XeF2 etch rates of silicon
(100) at 150 K. As the temperatures increased, the reaction rate decreased, reaching
a minimum reaction probability of roughly 20 percent at around 400 K. The reac-
tion rates began to rise again in the temperature range of 600 K to 900 K. Similarly,
Ibbotson et al. [70] observed an inverse proportional relationship between the etch
rate and the temperatures below 360 K. They calculated a reaction activation energy
for this temperature spectrum of - 3.2kcalmol−1 (−13.4kJmol−1) which is roughly
300 % lower than the activation energy calculated in this study. This could either be
caused by the dierent materials used in those studies, crystalline Si (100) instead of
the polycrystalline silicon used in this study, or the lower pressures used by Ibbotson
et al. [70] (0.05 - 2 Torr).
Nevertheless, all three studies observed a negative reaction energy for XeF2 etching
of silicon at temperatures below 360 K. It is unclear why it is negative, but it has been
suggested that the XeF2 forms a bound surface layer prior to etching [70]. However,
this hypothesis does not agree with the etch mechanisms described by Hefty et al.
[49], [50] which have been in excellent agreement with the previous ndings of this
study.
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No unambiguous trend can be derived for the PECVD SiN, LPCVD SiN and PECVD
SiO2 datasets. Figure 5.8 suggests that the PECVD SiN etch rate might increase with
increased temperature, but the data for LPCVD Si3N4 and PECVD SiO2 shows no
temperature correlation. However, this observation does not rule out a temperature
eect entirely, because the SiO2 and LPCVD Si3N4 etch reactions could have stopped
once the sacricial layer had etched beyond the proximity etch distance as discussed
earlier.
In contrast to the observations made here, the literature suggests that the SiO2 and
LPCVD Si3N4 reaction rate with uorine is in fact temperature dependant. Loewen-
stein [51] reported positive activation energies of 14853Jmol−1 (3.55kcalmol−1) and
14058Jmol−1 (3.36kcalmol−1) for LPCVD Si3N4 and SiO2, respectively. This data
suggests that the reaction rate will increase as the temperature increases.
5.8.3 Deductions and Hypothesis
With regards to the temperature dependency of the polysilicon etch rate, the follow-
ing novel hypothesis is suggested. The Brunauer-Emmett-Teller (BET) theory [40]
[41] states that the rate of molecular adsorption increases with decreased tempera-
ture. This increased adsorption could lead to an increased rate of uorine abstraction,
thereby enhancing the etch rate. This hypothesis is in agreement with both the theory
of the etch reaction developed by Hefty et al. [49], [50], as well as the observations
of the experiments conducted here and by others [70] [69].
With regards to the hypothesis that the selectivity can be improved at lower tem-
peratures, the data presented in this study clearly shows that the polysilicon etch
rate increases with lower temperatures. However, for the other materials studied the
data is inconclusive. No clear trends could be observed for the temperature depen-
dence of the silicon nitride or silicon dioxide etch rates.
Nevertheless, the author presumes that investigations at low sub-zero degree Cel-
sius temperatures might yield greater selectivity improvements. Assuming it is the
case that the etch rate of the target materials remained constant regardless of the tem-
perature, the polysilicon etch rate increases at very low temperatures could result in
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selectivity improvements. Unfortunately, to date there are no available tools with this
capability on the market.
5.9 Summary of Process Temperature Dependence
The previous sections have evaluated the hypothesis that temperature adjustments
can be used to mitigate the proximity eect, and restore better selectivities. This
has resulted in a number of ndings new to the engineering community, and a re-
evaluation of hypotheses developed by other researchers. To summarise:
1. The data in this work has experimentally conrmed data from the literature that
the polysilicon etch rate shows a signicant response to process temperature
change, increasing with decreasing temperatures over the range of measure-
ments taken.
2. Contrary to theory and the literature, no unambiguous temperature response
was observed for PECVD SiN, LPCVD SiN and PECVD SiO2.
3. Selectivity improvements could be achieved from the temperature dependence
of the polysilicon etch rate if the process temperature could be reduced to sub-
zero degree Celsius temperatures.
5.10 Results: Dependence on Hydrogen Addition to
the Process Chamber
Figures 5.11 and 5.12 show the etch rates of polysilicon and PECVD SiN and polysil-
icon and LPCVD Si3N4 as a function of the hydrogen owrate respectively.
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Figure 5.11: The etch rates of polysilicon, and PECVD SiN plotted as
a function of the hydrogen ow into the chamber. The inset shows the
magnied plot between H2 ows of 0-4 sccm. The process temperature
was constant at 25 °C. The gure was published in [27]. Each datapoint
is the average of eight measurements taken from dierent test struc-
tures located on the same chip. The error bars indicate the standard
deviation of the measurements.
5.10.1 Polycrystaline Silicon
Figures 5.11 and 5.12 show that owing hydrogen into the processing chamber during
etching has a strong impact on the etch rate of polysilicon. At ow rates up to 2 sccm,
the etch rate increases by roughly 9 %, but as the hydrogen ow rates are increased
to 10 sccm, the etch rate is seen to decrease rapidly. The etch rate decrease slows
signicantly at hydrogen ows above 10 sccm and the etch rate appears to stabilise
at 20 - 35 % of etch rate without hydrogen addition after the ows exceed 30 sccm.
5.10.2 PECVD SiN
The eect of adding hydrogen to the gas mixture is even more pronounced for the
etching of PECVD SiN. Figure 5.11 shows that the etch rate drops from a maximum
of 20 µm min−1 at a ow of 1 sccm hydrogen to 1 µm min−1 for a ow of 2 sccm
hydrogen. The data shows that a further increase in the hydrogen ow does not yield
a further reduction of the etch rate.
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Figure 5.12: The etch rates of polysilicon and LPCVD Si3N4 plotted as
a function of the ow rate of hydrogen continuously added into the
chamber. The inset shows the magnied plot between H2 ows of 0-4
sccm. The process temperature was constant at 25 °C. The gure was
published in [27]. Each datapoint is the average of eight measurements
taken from dierent test structures located on the same chip. The error
bars indicate the standard deviation of the measurements.
5.10.3 LPCVD SiN
Supplying hydrogen also results in a decrease in the LPCVD Si3N4 etch rate. Figure
5.12 shows that it dropped from roughly 1 µm min−1 at hydrogen ows of up to 10
sccm to 200 nm min−1 at hydrogen ows beyond 20 sccm. During the experiment,
the XeF2 ows uctuated by up to 1.3 sccm because the XeF2 supply bubbler was
nearly empty. Therefore ve samples were etched after the bubbler was relled at a
constant XeF2 ow rate of 24.85 sccm. The data suggested a linear etch rate decrease
of 160 nm min−1 per sccm of hydrogen supplied into the chamber for the hydrogen
ow range of 0 - 20 sccm.
5.10.4 PECVD SiO2
In contrast to the polysilicon and the silicon nitrides, adding hydrogen did not appear
to have an eect on the etch rates of the SiO2. Four samples were etched for 5 minutes
each. Gas mixtures with 0, 1, 3 and 10 sccm of added hydrogen were investigated.
The resulting silicon dioxide undercuts were between 2.1 and 2.6 µm min−1. Then,
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the experiment was repeated with a reduced etch time of 2 minutes. This time the
measured undercuts were 2.3 to 2.6 µm min−1 and appeared to be independent of
the hydrogen ows. The very similar undercuts measured for both experiments could
indicate that the SiO2 etch stopped after the polysilicon within its proximity had been
fully etched.
5.10.5 Selectivity Dependence of Hydrogen Addition
The selectivity of polysilicon towards PECVD silicon nitride improved by an order
of magnitude from 1.2: 1 to 12.8: 1 when the hydrogen ow was increased from a
ow of 0 to 10 sccm. A further increase of the hydrogen ow decreases the selectivity
because, beyond that point, the polysilicon etch rate decreases faster than that of the
PECVD silicon nitride.
The selectivity of polysilicon to LPCVD silicon nitride also improved strongly from
15.8: 1 at a hydrogen ow of 0 sccm to a maximum of 38: 1 at a hydrogen ow of
0.5 sccm. Hydrogen ows between 0.5 and 10 sccm also yield signicant improve-
ments, compared with no hydrogen owing into the chamber. However, in the case
of hydrogen ows beyond 20 sccm, the selectivity drops below that with no added
hydrogen because the polysilicon’s etch rate decreases more quickly than that of the
LPCVD silicon nitride.
As mentioned earlier, the data obtained for the SiO2 was insucient to attribute any
observation to the supply of hydrogen, and therefore no conclusion can be drawn.
5.11 Discussion of Supplying Hydrogen
5.11.1 Comparison of theResultswithTheoreticalMechanisms
The reduced etch rates of the polysilicon and silicon nitride suggest that hydrogen
neutralises the reactive species formed by the proximity eect. If, as suggested by the
research, uorine radicals are the product of the proximity eect, they could react
with the hydrogen to form hydrogen uoride (HF).
H2 + F −−→ HF + H (5.2)
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HF is a commonly used etchant for SiO2 and etches silicon nitride to some extent
as well [46]. However, for such an etch to proceed it requires water or alcohol as a
catalyst. Neither of these is present in the etch process and therefore it is assumed
that the HF formed by this reaction will not etch the silicon nitride. The uorine
radicals also attack and etch silicon, and so the decrease in the polysilicon etch rate
with increased hydrogen ows is in good agreement with this hypothesis. However,
the reaction of the PECVD and LPCVD silicon nitride was not completely halted,
which limits the eectiveness of this method.
5.11.2 Comparison with Published Experimental Data
The broader literature presents two possible explanations for this apparent limit to the
eectiveness of the method. Firstly, the hydrogen radicals that form as a by-product
of the neutralisation reaction, described by equation 5.2, could etch the silicon nitride.
When studying plasma etching with hydrogen radicals, Chang et al. [101] observed
etch rates of 1.5 nm min−1 for SiO2 and 25 -50 nm min−1 for LPCVD Si3N4. These
etch rates are roughly 10 % of the values reported in this work. However, it is dicult
to compare the two datasets, because the processing parameters used by Chang et al.
[101], particularly the pressures, were not reported.
The alternative explanation is that the formation of hydrogen uoride in an excited
state could result in etching of the silicon nitride. Volynet et al.[65], and Jung et al.
[66] discovered, that excited hydrogen uoride can transport additional energy to a
reaction site. They demonstrated the eect by selectively etching LPCVD Si3N4 over
SiO2. Interestingly, they observed that the maximum etch rates were measured after
hydrogen was added to the gas mix. The same observation can be made for the data
presented in this study.
5.11.3 Deduction and Hypothesis
Even though both explanations elaborated on in the previous section could explain
why the supply of hydrogen did not entirely halt the etch of the SiN and SiO2, there
is also a third possible mechanism that could explain the limitation of this specic
method.
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Assuming that the proximity eect produces uorine radicals and these react with
the added hydrogen to produce HF, there is still a requirement that the two collide in
order to initiate the reaction. The average distance a molecule travels before colliding





where λ represents the mean free path in meters, T the temperature, P the pressure,
d the eective diameter of the gas, R the universal gas constant and Na Avogadro’s
number [102]. Even though the mean free path of the gas mixture is unknown, the
mean free paths of hydrogen and uorine under the conditions used in this experi-
ment were calculated using equation 5.3 to be 13.4 nm and 8.9 nm respectively.
Hefty et al. [50] found that the XeF dissociation occurs within a 2 Å 2 distance from
the abstraction reaction site at the polysilicon surface. In consequence, the path dis-
tance of the roughly 50 % of uorine radicals scattered is very short. (The proportion
of uorine radicals scattered towards the silicon surface.) If for instance a uorine
radical was scattered towards the polysilicon with a horizontal and vertical angle of
85 °, the path length would only be 46 Å. The formation of neutral HF is quite un-
likely in the aected regions, because a collision event has a low chance of occurring.
The reason for that is that the path distance of a signicant proportion of the formed
uorine radicals is much smaller than the mean free path of the hydrogen.
This low likelihood of a hydrogen/uorine radical collision events would explain the
observation that the increased amount of hydrogen in the gas mixtures does not yield
further polysilicon to silicon nitride selectivity improvements. However, it falls short
of explaining why small hydrogen ows result in an increased etch rate. Furthermore,
the mean free path length is pressure-dependent and therefore processing at higher
pressures might make the method of owing hydrogen into the chamber more sig-
nicant. Unfortunately, this experiment was conducted at the maximum processing
pressure of the tool, and therefore it could not be conrmed that higher pressures
result in better selectivities.
2Angstrom (Å) is a length unit commonly used in chemistry. 1 Å = 10−10 m = 0.1 nm
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Nevertheless, a recommendation of this work is the building of a test reactor to in-
vestigate if owing hydrogen into the chamber at higher pressures improves the se-
lectivity.
5.12 Summary of Dependence on Hydrogen Addi-
tion to the Process Chamber
The hypothesis that the supply of hydrogen into the reaction chamber improves the
etch selectivity and mitigates the proximity eect has been evaluated. The following
ndings were made:
1. The supply of hydrogen improves the selectivity of polysilicon over silicon ni-
tride. The data showed an increase from 1.2: 1 to 12.8: 1 for PECVD SiN and
from 15.8: 1 to 38: 1 for LPCVD SiN. No change was observed for the etch rate
of SiO2.
2. The selectivity improvement does not linearly correlate with the hydrogen ow.
Instead, the etch rates appear to stabilise after the hydrogen ow supplied into
the chamber exceeds a critical ow rate. Consequently, the highest selectivities
were measured at comparatively low ow rates of up to 10 sccm for PECVD
SiN and at 0.5 sccm for LPCVD SiN.
3. The selectivity increases appear to result from the reaction of uorine radicals
with the hydrogen. The HF formed by this reaction does not etch the silicon
nitride or silicon dioxide in the absence of a catalyst such as water or alcohol.
4. There appears to be an inherent limit to the potential of this method. Three
potential reasons for this were presented, the attack of the silicon nitride by
hydrogen radicals, the attack of the silicon nitride by HF in an excited state and
a reaction limitation resulting from the dierence of the uorine radicals travel
distance and the mean free path of the hydrogen molecules. The validity of
this third reason could be checked with a capability of processing at pressures
higher than achievable in this work.
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5.13 Conclusion
This chapter presented the work investigating how the etch selectivities of common
MEMS materials are adversely aected by etching them in close proximity of one an-
other, and how this can be prevented. It was observed that a proximity eect resulted
in preferential etching of both silicon dioxide and silicon nitride lms. From this, it
was proposed that a similar eect would occur with all materials that are etched by
uorine radicals. The spatial extent of the proximity eect appears to be 2 - 3 µm in
the materials tested. This might be tolerated in larger MEMS devices. However, the
eect needs to be carefully considered when designing NEMS devices. Two meth-
ods to mitigate the eect have been characterised: reducing the process temperature
and adding hydrogen to the process gas mixture. The rst method showed that the
polysilicon etch rate increases with decreasing temperature. However, for the other
materials tested in this study, the results were not so clear, and therefore the possibil-
ity to improve the selectivity by reduced process temperature remains unconrmed.
However, because the temperature range investigated was limited by the capability of
the equipment used, it would be benecial to conduct similar experiments, should this
situation change. The second method yielded an increased selectivity of polysilicon
over silicon nitride. It is proposed that this improvement results from the formation
of HF by a reaction of uorine radicals and the added hydrogen. Possibly, those im-
provements can be enhanced by operating at higher processing pressure. This was
also beyond the capabilities of the equipment used, however, future researchers are





Vapour hydrogen uoride (HF) etching is becoming a common release method for
silicon dioxide sacricial layers used to fabricate micro and nanoelectromechanical
systems (MEMS and NEMS). Key benets of the process are the avoidance of stiction
and cross-contamination which can occur during free-standing structure release in
wet etch solutions. In contrast to XeF2 vapour etching, the available knowledge re-
lating to HF etch selectivities is much greater, as wet HF etching is a long-established
and thoroughly characterised process. However, compared to XeF2 vapour etching,
controlling the HF etch process is more complicated due to the complex condensation
and evaporation dynamics that are involved.
6.1.1 Objectives of the Study
This chapter investigates three promising approaches to increase the etch selectivity
between silicon dioxide and silicon nitride (two commonly used MEMS materials):
1. The addition of hydrogen to the process gas mix in order to reduce the etch rate
of the silicon nitride by neutralising free uorine radicals in a similar manner
to that observed for the etching with XeF2.
2. Changing the HF to H2O concentrations within the liquid layer in order to
change the etch selectivity.
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3. Manipulation of the etch rates of silicon dioxide and silicon nitride by operating
at lower temperatures. According to theoretical studies [46][43], the equilib-
rium of reactants should shift from monouorides towards diuorides at lower
temperatures which predominantly etch silicon dioxide.
6.2 Equipment and Sample Fabrication
6.2.1 Equipment
Two commercially available tools were used during this study. A memsstar Alpha
Orbis HF etch tool is commonly used for research and the commercial fabrication
system memsstar Xeric. Both systems operate in a continuous ow regime over a
temperature range of 5 to 45 °C. Besides the HF etchant, an H2O catalyst, N2 carrier
gas, and H2 additive gas can be supplied into the chamber. Compared to the Xeric
system, the Alpha Orbis has particular advantages for research 1. The gas ows can
be set with a 0.1 sccm accuracy and the pedestal temperature can be measured with an
external thermometer. In addition, the chamber can be ramped to processing pressure
with nitrogen alone, which ensures there is no early etching of the samples before the
desired processing conditions have formed within the tool. However, a considerable
disadvantage is that the maximum stable processing pressure is limited to around 30
Torr, beyond which the tool does not maintain a constant pressure. This complicates
experiments at higher temperatures (>30 °C) where higher pressures are required to
condense the reactants on the sample.
6.2.2 Test Structure Fabrication
The test structure layout and measuring method used during this work was described
in Chapter 4. There are two dierences compared to the XeF2 test structures used in
Chapter 5. Firstly, the layer congurations were altered, with SiO2 being used as
the sacricial layer in HF etching. Secondly, copper was used as the capping layer
because HF would attack the aluminium used for the XeF2 test structures. A cross
section of the fabrication process is presented in gure 6.1.
1Some of the experiments were conducted on the Xeric System because the Alpha Orbis became
unavailable before the experiments were completed
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Figure 6.1: Schematic of the HF test structure fabrication process. Re-
produced from [28].
Four dierent designs were fabricated and the layer congurations are presented in
table 6.1. Two of the designs labelled SiO2-Reference and SiN-Reference are patterned
benchmark samples (similar to the benchmarks used for XeF2 experiments). These
were used to determine the SiO2 and the PECVD SiN undercut etch rates in isolation.
The second set of samples were used to measure the etch selectivities of PECVD SiO2:
PECVD SiN and PECVD SiO2: LPCVD Si3N4 and take the proximity eect into account.
After the layers were deposited and the pattern was transferred into the SPR-230-3.0
photoresist using a Karl Suss mask aligner, the trenches were created by wet etch-
ing the copper layer with a wet copper etchant (MSDS: Copper Etch 300). Then the
trenches were reactive ion etching into the silicon dioxide and silicon nitride, after
which the resist was removed by submerging the samples in 1165 resist remover. The






Capping Layer 500 nm Copper 500 nm Copper 500 nm Copper 500 nm Copper











- 260 nm PECVD
SiN
Wafer Silicon Silicon Silicon Silicon
Table 6.1: Layer conguration of the samples used in this study.
runsheets and fabrication recipes are documented in appendix D.
6.3 Proximity Eect in HF Vapour Etching
While the proximity eect signicantly aects XeF2 vapour etching, it has not been
reported in the context of HF vapour etching. However, it is important to evaluate
it as close proximity of certain material combinations could signicantly alter the
observed selectivity.
6.3.1 Experiment
For this evaluation, the four test structures previously presented were HF vapour
etched on the memsstar Xeric etch tool for 100 seconds at a temperature of 25 °C.
A temperature specic standard recipe was used with HF, N2 and H2O gas ows of
200 sccm, 100 sccm and 60 sccm, respectively. The gas was continuously supplied
to the chamber while it ramped up to a pressure of 20 Torr. All four samples were
etched simultaneously and were baked for 10 minutes after etching at 150 °C to stress
relieve the copper lm. The data presented in gure 6.11 shows how post etch anneal-
ing improves the quality of the measurement. Three test structures from each chip
were characterised using a surface proler, and the data point is the average undercut
determined from the measurements.
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Figure 6.2: A comparison of the test structure’s post etch surface pro-
les. In (a) without heat treatment, and in (b) after annealing the etched
test structure on a hotplate set to 170 °C for 60 seconds. This gure was
published before in [28].
6.3.2 Result
The etch rates presented in this section are summarised in table 6.2. For both the
SiO2-Reference and SiN-Reference samples a horizontal undercut etch rate of 2.5 µm
min−1 was measured. In contrast to that, a SiO2 etch rate of 20.5 µm min−1 was
observed when it was etched in close proximity to PECVD SiN, for which an etch
rate of 3.1 µm min−1 was measured. Compared to etching in isolation, the SiO2 etch
rate is eight times higher when PECVD SiN was etched in close proximity, resulting
in a SiO2: PECVD SiN selectivity of 6.5: 1. Similarly, when PECVD SiO2 was etched
in close proximity to the Si3N4, the oxide etched at a rate of 29 µm min−1, while the
Si3N4 etch rate was 2 µm min−1. In this case, the SiO2 etch rate is 11 times higher
than the rate observed on the reference sample, resulting in the PECVD SiO2: Si3N4
Chapter 6. HF Etch Selectivity 102
Measured etch rate [µm/min]
Sample PECVD SiO2 PECVD SiN Si3N4
PECVD SiO2 Ref 2.5 - -
PECVD SiN Ref - 2.5 -
PECVD SiO2: PECVD SiN 20.5 3.1 -
PECVD SiO2: Si3N4 29 - 2
Table 6.2: Etch rates measured from the dierent samples during the
proximity eect experiment.
selectivity being 15: 1.
Unfortunately, no specic reference etch rates for the vapour etching of PECVD SiO2
under those processing conditions were found available in the literature. Similarly,
it was not possible to obtain reference data for the HF vapour etching of PECVD
SiN. The only benchmark is an etch rate of 1.68 µm min−1 which was obtained by
Witvrouw et al. [29] in a 49 % HF/H2O solution at a temperature of 21 °C.
Both the PECVD SiO2 and PECVD SiN etch rates are also substantially higher than
the etch rates which were observed on blanket chips that were vapour etched under
similar conditions as the conditions used here in preliminary experiments (Blanket
chips are dierent to the reference samples used in this study, as the entire surface of
the chip is etched and not an undercut).
6.3.3 Discussion
Two phenomena were observed in this study that have not been reported before in
the literature. Firstly, the SiO2 etch rates measured on the test structure were higher
than they would be on blanket chips and secondly, the SiO2 etch rate increases sig-
nicantly when etched in proximity to silicon nitride.
The fact that the etch rates on the reference samples presented here are higher than
observed for blanket chips could result from the geometry of the test structure. Com-
pared to blanket wafers or chips it has a much smaller etch front (etchable surface
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exposed to the etchant) and the trapping of the reactants and reaction products be-
low the capping layer.
Considering that diuorides mainly etch SiO2 (See Section 2.3.3 for details), the trap-
ping of the reactants could accelerate the reaction if the fast-reacting diuoride species
(HF2 – and H2F2) that form within the HF/H2O mixture are available at a larger con-
centration close to the reaction site.
While these mechanisms could explain the observed faster etch rates, it remains un-
clear what causes them. Neither mechanism has been reported in the literature be-
fore. An experimental investigation of the underlying chemistry would be beyond
the scope of this work.
Similarly, it is unclear why the PECVD SiO2 that was stacked onto the PECVD and
thermal silicon nitride etched 8 and 12 times faster respectively, compared to the
PECVD SiO2 on the reference sample. Possibly, diuorides formed during the silicon
nitrides’ etch reaction increased the concentration of diuoride species close to the
reaction site.
An alternative explanation could be the formation of ammonia as a reaction by prod-
uct. The reaction path presented in gure 2.5 suggests, that ammonia (NH3+) can
form during the elimination and addition reaction that removes the surface nitrogen
atom during the etching of Si3N4 in HF solutions. If this ammonia came into contact
with the liquid lm formed during the HF etch of the silicon dioxide, it could possibly
form ammonium hydroxide (NH4OH), which has been shown to etch silicon dioxide
at rates of 0.18 nm/min at a temperature of 50 °C [103]. Unfortunately, the etch rates
that were reported by Lee et al. [103] are very slow, and therefore unlikely to have
caused the phenomena observed here.
However, further research into the chemistry of silicon nitride etching in HF must
be undertaken to conrm the hypothesis that reaction byproducts increase the etch
rate of silicon dioxide.
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6.3.4 Summary
While the SiO2 etch rates increased 8 to 12 times when etched in proximity to PECVD
SiN and Si3N4, the silicon nitride’s etch rate only increased very slightly by roughly 20
%. This clearly indicates that some form of proximity eect is present. Possibly, diu-
orides form at the silicon nitrides etch front, which subsequently increases the SiO2
etch rate. However, as the theoretical understanding of silicon nitride etching in HF
is very limited, other so far undiscovered mechanisms could cause this observation.
6.4 The Impact of Supplying Hydrogen on the HF
Etch Selectivities
As detailed in Section 3.4 of this thesis, hydrogen can neutralise atomic uorine to
form HF. Knotter [46] found that silicon nitride is mainly etched by monouorides,
while SiO2 is mainly etched by diuorides. Figure 2.6 shows, that F– contributes
signicantly to the etching of silicon nitride. Therefore, the supply of hydrogen to
the processing chamber and the resulting removal of the uorine could potentially
reduce the silicon nitride’s etch rate and improve the etch selectivity signicantly.
6.4.1 Experiment
For this experiment, the SiO2: PECVD SiN, SiO2: LPCVD Si3N4 and both the reference
test samples were etched on the memsstar Xeric system at a constant temperature
of 25 °C. The processing pressure was 23 Torr during those experiments and the gas
ows were set to 200 sccm, 100sccm, and 60 sccm for HF, N2 and H2O, respectively.
Four etch runs were conducted. The tool was ramped to processing pressure and the
etch was maintained for 100 seconds. The hydrogen ows were set to be 0, 20, 50
and 80 sccm (The tool’s hydrogen ow is limited at 80 sccm). The etch parameters
are summarised in the run order in table 6.3. Post etching, the samples were baked
for 10 minutes at 150 °C to relieve the copper lm’s stress. Three test structure arrays
from each chip were measured on a surface proler and the average undercut was
calculated.
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T [°C] HF [sccm] N2 [sccm] H2O [sccm] P [Torr] t [s] H2 [sccm]
25 200 100 60 23 100 0
25 200 100 60 23 100 20
25 200 100 60 23 100 50
25 200 100 60 23 100 80
Table 6.3: The experimental parameters used for the hydrogen addi-
tion experiment.
6.4.2 Results
Figure 6.3 shows the hydrogen ow-dependent etch rates that were obtained from the
SiO2 and SiN reference samples. The SiO2 etch rate displayed in gure 6.3 (a) appears
to increase slightly from 2.5 to 3.5 µm min−1 between hydrogen ows of 0 and 50
sccm, beyond which it drops to the original level. In contrast to that, the etch rate of
the PECVD SiN displayed in gure 6.3 (b) does not appear to be aected by the hy-
drogen ow. The increase of the SiO2 etch rate with increasing hydrogen ow could
be explained by the hydrogen bonding to uorine atoms to form a diuoride species.
The reason for the decrease measured at a hydrogen ow of 80 sccm is unclear.
The measured silicon nitride etch rates were unexpected. Considering the chemical
etch theory of silicon nitride in HF developed by Knotter [46], and that the substantial
amount of hydrogen supplied into the chamber should reduce the number of uorine
atoms available to etch the silicon nitride a decrease of the the etch rate was expected.
Finally, it can be observed that the etch rates of SiO2 and PECVD SiN are very similar.
Considering the short etch time of 100 seconds, that is to be expected. In contrast
to silicon dioxide, silicon nitride does not require a liquid layer formation to initiate
etching. Consequently, it begins to etch while the tool is ramping up to processing
pressure, earlier than the SiO2. Those issues could be overcome on the Alpha Orbis
tool by supplying the HF into the chamber after the processing pressure had been
reached. Unfortunately, due to the much larger etch chamber, this was not possible
with the Xeric system used in this study.
Figure 6.4 shows the etch rates and selectivities that were measured for the SiO2:
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Figure 6.3: The etch rates of (a) PECVD SiO2 and (b) PECVD SiN as
a function of the hydrogen ow rate when etched in isolation. The
data was obtained from the reference samples. Each data point is the
average of 3 measurements.
PECVD SiN sample. When 20 sccm of hydrogen are added, the SiO2 etch rate de-
creases slightly from 20 to 16.5 µm min−1. It appears to stabilise at this value as the
hydrogen ow is increased. Compared to the SiO2-Reference sample (Figure 6.3 (a)),
the etch rates of the PECVD SiO2 etched in proximity are 5 to 8 times higher, which
is consistent with the observation made in the context of the proximity eect (Sec-
tion 6.3). Furthermore, the trend observed in the SiO2 etch rate of SiO2: PECVD SiN
sample is noticeably dierent from the SiO2-Reference sample.
The SiN etch rate of the SiO2:PECVD SiN sample also diers from that of the SiN-
reference sample. Low hydrogen ow rates of up to 20 sccm do not appear to aect
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Figure 6.4: The hydrogen ow dependent etch rate of (a) SiO2 and (b)
PECVD SiN, determined from measurement of SiO2:PECVD SiN sam-
ples. Plot (c) shows the selectivity between the two layers. Each data
point is the average of three measurements.
Chapter 6. HF Etch Selectivity 108
the etch rate, which is consistent with the SiN-reference sample (Figure 6.3 (b)). How-
ever, more extensive hydrogen ow rates appear to result in a linear decline of the
etch rate, reaching a minimum of 2 µm min−1 at a hydrogen ow rate of 80 sccm.
Figure 6.4 shows that adding hydrogen to the process gas mixture does not substan-
tially change the SiO2: PECVD SiN selectivity. Without the supply of hydrogen, the
selectivity is roughly 6.5: 1. It decreases to a minimum of 5.3: 1 at a hydrogen ow
of 20 sccm and then linearly increases to reach a maximum of 7.75: 1 at a hydrogen
ow of 80 sccm.
Figure 6.5 shows that the etch rate of the SiO2 etched in proximity to the LPCVD Si3N4
target layer displays the same behaviour as the SiO2 which was etched in proximity
to the PECVD SiN. The only notable dierence is that the etch rate is roughly 10 µm
min−1 higher when no hydrogen is supplied to the chamber. When hydrogen is sup-
plied to the chamber, the SiO2 etch rates are identical in both cases, which suggests
that the same mechanism reduces the SiO2 etch rate.
The LPCVD Si3N4 etch rates, displayed in gure 6.5 appear to be unaected by the
supply of hydrogen. Similar to the PECVD SiN, this is unexpected because the the-
ory suggests that the hydrogen addition would reduce the concentration of uorine
atoms close to the reaction site and that, consequently, the etch rate would decrease.
As a result of the reduced SiO2 etch rate, the PECVD SiO2: LPCVD Si3N4 selectiv-
ity decreases from 15: 1 to 8: 1 when hydrogen is increased to 20 sccm, after which it
stabilises.
6.4.3 Discussion
The results presented in the previous section dier signicantly from the expectation
predicted by the theory of the etch mechanism [46][43]. The hydrogen addition was
expected to cause a signicant decrease of the silicon nitride’s etch rate, but this was
only observed for the SiO2: PECVD SiN sample. In the case of the SiO2, no change or
a slight increase in the etch rate was expected. However, the addition of a moderate
amount of hydrogen caused a signicant drop of the etch rate, which then stabilised
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Figure 6.5: The hydrogen ow dependent etch rate of (a)SiO2 and (b)
LPCVD Si3N4, determined from measurement of SiO2:LPCVD SiN sam-
ples. Plot (c) shows the selectivity between the two layers. Each data
point is the average of 3 measurements.
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when the hydrogen ow increased further. Consequently, the hydrogen addition re-
sulted in an unexpected reduction of the etch selectivity.
The reduction in the SiO2 etch rate when proximity etching could be a result of the
formation of a protective layer as described by Loewenstein [59] for etching with CF4
remote plasmas. However, no reference to the surface passivation of SiO2 by H2 was
found in the literature. It is also unclear why the SiO2 etch rate would not be aected
by such a hypothetical passivation mechanism if etched in isolation.
A further literature review was undertaken to identify a possible explanation for the
observed silicon nitride etch rate behaviour, but unfortunately this also failed to yield
a feasible explanation.
The inability to explain the experimental observation based on the available liter-
ature suggests the existence of so far undiscovered etch mechanisms. This is not
surprising, as the body of research for the fundamental etch chemistry of HF vapour
etching is small. Further research is required to determine a sensible explanation for
the experimental observations.
6.4.4 Summary
The hypothesis that adding hydrogen into the HF vapour gas mixture improves the
etch selectivity of SiO2 to PECVD SiN and LPCVD Si3N4 was evaluated. It was noted
that despite the theory suggesting otherwise, no signicant improvements resulted
from the addition of hydrogen. It is unclear why the silicon nitrides etch rate was
not reduced signicantly, and it is suggested that more research into the fundamental
etch chemistry is required to develop a robust hypothesis.
6.5 Condensation Controlled HF Etch Process Con-
trol
This section describes a model that has been developed to determine the temperature
and concentration-dependent processing parameters necessary to maintain the con-
densed layer’s composition over a range of temperatures and reactant concentrations.
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T [°C] P [Torr] t [s] ER PECVD SiO2 [µm/min] ER LPCVD Si3N4 [µm/min]
5 9 100 22.2 2.2
15 18 80 15.28 3.75
25 23 100 25.29 2
35 30 90 16.66 3.33
Table 6.4: The processing parameters used for the dataset presented
in gure 6.6. ER stands for etch rate.
The need for such a model arises from the complex condensation and evaporation
phenomena involved in HF vapour etching which can inhibit an accurate and com-
parable study of the eects on the etch selectivity caused by process temperatures
and reactant concentrations.
This process control problem is illustrated in gure 6.6, which shows a dataset of SiO2:
LPCVD Si3N4 selectivity samples which were etched at temperatures of 5, 15, 25 and
30 °C, using the Xeric system. The gas ows were 200 sccm, 100 sccm and 60 sccm
for HF, N2 and H2O, respectively. Each temperature was paired with a processing
pressure that resulted in a SiO2 etch rate within the same order of magnitude to the
rest of the group. The etch times were adjusted to allow the silicon dioxide and sili-
con nitride undercuts to be measured within the same test structure. The processing
parameters used are displayed in table 6.4.
The temperature-dependent etch rates and selectivities displayed in gure 6.6 show
a great variation and cannot be used to study the impact of the etch selectivity’s tem-
perature. The variable data is a result of the complex evaporation and condensation
phenomena, which were deliberately not considered in this experiment to illustrate
the problem. In particular, the following needs to be taken into account in the exper-
imental design:
• A thin liquid layer is required to initiate the SiO2 etch reaction. However, the
ux of HF into the liquid layer becomes too large and the H2O formed as a
reaction product oods the sample, leading to stiction.
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Figure 6.6: The temperature depended etch rates of SiO2 and LPCVD
Si3N4 and selectivity, as measured in a benchmark experiment. Each
data point is the average of 3 measurements.
• The pressure needs to be carefully controlled so that the ux of reactants onto
the surface is moderated and the reaction products can evaporate from the sur-
face.
• The etch rate depends on the HF concentration within the liquid lm which is
not identical to the gas concentrations of the reactants.
These issues have been identied before and an initial attempt to model HF vapour
etching has been made by Helms and Deal [104]. However, due to the limited comput-
ing power in 1992, their model is only applicable to 5 specic temperatures. Hence,
it is challenging to use it in practice.
However, this thesis revisits their work, and a tool has been developed that mod-
els the molecular ows into and out of the condensed liquid layer. With this model,
tool input parameters can be calculated for a broad range of process temperatures
which ensure that the etch takes place at equilibrium vapour pressure 2.
2According to the encyclopedia Britanica [105] the vapour pressure is dened as "the pressure
exerted by a vapour when the vapour is in equilibrium with the liquid or solid form, or both, of the
same substance i.e., when conditions are such that the substance can exist in both or in all three phases."
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Figure 6.7: The evaporation and condensation of reactants and reac-
tion products in HF vapour etching.
At equilibrium vapour pressure, the condensation and evaporation of the reactants
form an equilibrium, resulting in the creation of a stable thin condensed layer of wa-
ter and HF that allows eective etching while avoiding stiction. Furthermore, the
reactant concentration within the layer is known and can be controlled.
6.5.1 Model Development
The model was developed based on empirical data published in previous studies [106][104].
To verify that the condensation and evaporation eects have been successfully sep-
arated from the performance parameters, the impact of the reactant concentration
and the temperature on the etch rate of SiO2 are measured and compared to results
obtained with wet etching.
The condensation and evaporation of mixtures form a thermodynamic equilibrium
at vapour pressure. If the partial pressure exceeds the vapour pressure, a stable con-
densed layer forms [104] as shown in gure 6.7. The vapour pressure of a gas in a
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gas mixture depends on the process temperature and partial pressures of other com-
ponents within the mixture. Due to these complex interdependencies, empirical data
is required to determine the vapour pressure. The most comprehensive dataset avail-
able for HF/H2O systems was published by Munter et al. [106] in 1949. They provided
the vapour pressures for a temperature range of 0.1 – 70 ° C and a liquid HF weight
percentages range of 10 to 70 %. From this limited data, the authors were able to
determine a table of constants for the vapour pressure equation which takes the form
LogP = B− A
t
(6.1)
where P represents the pressure in Torr, B and A are liquid HF weight percentage
dependent variables and T is the temperature. Based on this equation, Munter’s data
was computationally extrapolated to create equation 6.2, which enables the calcula-
tion of the corresponding H2O partial pressure pH2O leading to the vapour pressure
as a function of the HF partial pressure pHF
pH2O = cln(pHF) + d (6.2)
The parameters c and d are functions of temperature that were found empirically to
be
c = −0.1464(T + 0.049) (6.3)
and
d = 0.635(T − 2.442) (6.4)
From this set of equations, equilibrium conditions can be calculated for any set of HF
partial pressure/processing temperature combinations. Once the partial pressures re-
quired have been determined, the corresponding tool parameters, particularly the gas
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ows and pressure, can be calculated easily.
The partial pressure can thus be controlled in two ways, either by adjusting the pro-
cessing pressure or adding a third inert buer gas into the mix to eectively adjust
the chamber volume. In this experiment, the second method proved more controllable
and nitrogen was used as the buer gas.
6.5.2 Experimental Verication
The experiments presented to verify the model were conducted on the memsstar Al-
pha Orbis vapour etch tool. The concentration of the etch by-product SiFx above the
sample is continuously measured with a nondispersive infrared gas sensor, and the
data plotted over time. This plot clearly shows the onset and oset of the etch reac-
tion, and from it, the eective etch time can be obtained.
Experiments were conducted using two sets of samples. Both were 15 x 15 mm chips,
one coated with a 1000 nm thick layer of PECVD SiO2 and the other with a 1300
nm thick layer of PECVD SiN. On each sample, the layer thickness before and after
etching was measured with a Nanospec reectometer. In order to maintain stable gas
concentrations and avoid premature etching of the silicon nitride, N2 was supplied
into the chamber until the processing pressure was reached, at which point the HF
and H2O were supplied into the reaction chamber.
The rst test of this new model was to determine whether the eect of the gaseous
HF concentration on the SiO2 etch rate can be measured. Knotter [46][43], found
that SiO2 is mainly etched by diuorides which prevail in less diluted HF/H2O mix-
tures. Therefore, one would expect the SiO2 etch rate to increase with an increased HF
concentration within the liquid layer. Table 6.5 displays the partial pressures which
were calculated from the model and the corresponding input parameters used dur-
ing this experiment. The resulting etch rates are plotted as a function of the HF gas
concentration in gure 6.8. The lowest and highest HF gas concentrations within this
experiment were 17.4 % and 91 %, respectively, and the relationship between etch rate
and concentration appears to resemble a sigmoid function.
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Partial Pressures [Torr] Gas Flows [sccm]
PHF PH2O PN2 HF H2O N2
1.2 6.6 12.2 3.6 19.7 36.7
2.1 5.3 12.5 6 16 38
3 4.6 12.4 9 14 37
4 4.0 12.0 12 12 36
7.4 2.7 9.9 22 8 29
9 2.3 8.7 27 7 26
14 1.3 4.7 42 4 14
19.3 0.7 0.04 58 2 0
Table 6.5: The calculated partial pressures and gas ows for the con-
centration experiment. The process chamber temperature at 15 °C, the
etch time was 80 s and the sum of the partial pressures was kept con-
stant at 20 Torr.





















Figure 6.8: The silicon dioxide etch rate dependency on the gaseous
HF concentration. The etch parameters are available in table 6.5. The
process chamber temperature was 15 °C. The etch was not subject to
the proximity eect. Each data point represents a single measurement.
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The lowest etch rate of 33 Å s−1 (Angstroms 3 per second) was measured at a concen-
tration of 17.4 % HF, increasing to 154 Å s−1 at a concentration of 80 % HF. Beyond that
point, the plot attens and only marginal increases in the etch rate can be obtained by
further increasing the HF concentration. Unsurprisingly, increased HF concentration
resulted in increased etch rates. This has been observed before [107] and is in good
agreement with theoretical expectations [43][46]. At concentrations below roughly
50 % HF, the plot’s trend is in good agreement with wet HF etch data presented else-
where [108] [109]. The etch rates presented here are less than those reported for wet
etching, which may be due in part to the lower processing temperature used in this
work. Unfortunately, for the higher HF concentrations, no reference data could be
sourced, probably because it is very uncommon in practice to wet etch in HF solu-
tions with concentrations higher than 49 %. Nevertheless, the data presented here is
in good agreement with the low concentration data presented within the literature.
This suggests that the model used in this study enables concentration eects to be
measured independent of condensation phenomena.
The second test of the method was to determine whether the processing tempera-
ture on the etch rate can be studied independently of condensation phenomena. The
Arrhenius equation suggests that the reaction rate increases with increased temper-
ature. Therefore one might presume that the SiO2 etch rate similarly increases with
increased temperature. This SiO2 etch rate increase has been observed for wet HF
etching [109], however, previous publications [30], [42], [29] suggest that the etch
rate decreases with increased temperature in HF vapour etch processes. The consen-
sus was that this decrease results from fewer reactants condensing onto the surface
being etched.
The data presented in gure 6.9, shows an increase in the SiO2 etch rate with in-
creasing temperature, under the condition that the partial pressures are adjusted to
a level that allows operation at vapour pressure (the tool parameters used are dis-
played in table 6.6). For this experiment, the temperature range was relatively small
(5 - 20 °C) because the processing pressure required to establish equilibrium at higher
temperatures was beyond the tool’s capability. However, within this range the etch
3Angstrom (Å) is a length unit commonly used to describe the distance component in slow etch
rates. 1 Å = 10−10 m = 0.1 nm
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Figure 6.9: The etch rate dependency on the temperature. The gaseous
HF concentration was 40 +/-2 %. The etch was not subject to the prox-
imity eect. Each data point represents a single measurement.
rate increased signicantly from 33 Å s−1 at 5 °C to 108 Å s−1 at 20 °C. Furthermore,
the best t to the data suggests an exponential increase in the reaction rate. This ob-
servation is in excellent agreement with the expectation derived from the Arrhenius
equation.
While there is much wet etch benchmark data for temperatures above 25 °C, only one
reference could be found for operation at lower temperatures. Mai [109] provides
an etch rate over temperature plot for etching thermally deposited SiO2 in a 12 %
HF solution over a temperature range from 0 -50 °C. The plot’s general trend looks
similar to the one displayed in gure 6.9. The etch rates reported here are roughly an
order of magnitude higher, which could be explained by the higher HF concentration
used in this experiment (40 ± 2 %) and the fact that PECVD SiO2 was etched, rather
than the denser and more etch-resistant thermal SiO2 used in [109].
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T [°C] Partial Pressures [Torr] Gas Flows [sccm]
PHF PH2O PN2 HF H2O N2
20 4.1 6.3 9.6 12 19 29
17 3.4 5.2 11.4 10 16 34
15 3.0 4.6 12.4 9 14 37
12.5 2.6 3.9 13.5 8 12 40
10 2.2 3.4 14.5 7 10 43
8 1.9 2.9 15.2 6 9 45
5 1.5 2.4 16.1 5 7 48
Table 6.6: The calculated partial pressures and gas ows for the tem-
perature experiment. The etch time was constant at 80 s and the sum
of the partial pressures was constant at 20 Torr.
6.5.3 Evaluation of the Model
The data presented suggests that the model enables the determination of the re-
quired partial pressures for H2O and HF, which are required to establish equilibrium
vapour pressure for any given HF concentration or processing temperature. From
these vapour pressures, the required etch parameters were derived. The results of the
verication experiments strongly suggest that this method enables the exclusion of
condensation eects from HF vapour etching.
The resulting process control is akin to HF wet etch processes. Furthermore, the
experimental data showed that the SiO2 etch rates behaved identically to wet etch
processes.
The results of the temperature experiments conducted here contradict the vapour
HF etch literature, which suggests that the etch rate decreases with increased tem-
perature. The dataset presented in gure 6.9 clearly shows that the HF vapour etch
rates’ behaviour is identical to wet etch processes when the extent of the thin liquid
lm is carefully controlled.
There are, however, limitations to the thin liquid lm control method. Firstly, the
gas ows need to be supplied with an accuracy of 0.1 sccm and the gas ows need
to remain stable during processing. Secondly, the processing temperature deviations
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should be accurate at roughly ± 1 °C. Thirdly, a broad range of processing pressures
(5-50 Torr) is required to establish vapour pressure at a temperature range from 5 to
45 °C. While the Alpha Orbis tool performed well with the temperature and gas ow
accuracy, it was limited by the maximum processing pressure. The alternative, Xeric
system which was developed for commercial applications, is not suitable for the thin
lm modulation method because the processing gas ows have a relatively limited
ow rate range and cannot be set to the required accuracy.
6.6 HF Concentrations Eect on the Etch Selectivity
Knotter [46] suggested that in wet HF etching, the etch selectivity of SiO2 over SiN is
a function of the HF concentration because diuorides prevail over monouorides in
less diluted HF solutions.
6.6.1 Experimental Design
The etch parameters presented in table 6.5 were used to etch blanket PECVD SiN chips
in the Alpha Orbis tool. The processing temperature was 15 °C. The lm thickness
was measured before and after etching using a Nanospec reectometer.
6.6.2 Results and Discussion
The concentration-dependent PECVD SiN etch rates are displayed in gure 6.10.
The lowest etch rate of 5 Å s−1 was measured at an HF concentration of 17.4 %, while
the maximum etch rate of 12.5 Å s−1 was measured at an HF concentration of 91.3
%. Similar to the data presented for the SiO2 etch rates in gure 6.8, the plot appears
to resemble a sigmoid function. Unfortunately, the author of this work could not nd
comprehensible concentration dependent silicon nitride etch rates for either wet or
vapour HF etching in the literature. However, Van Witvrouw et al. [29] reported a
PECVD SiN etch rate of roughly 16 Å s−1 in a 49 % HF/H2O solution, which is roughly
double the etch rate reported at 50 % gaseous HF concentration here. Unfortunately,
the temperature of their solution was not reported. Assuming their solution was at
room temperature, the dierence in etch rate might be explainable by the lower tem-
peratures of 15 °C used in this study.
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Figure 6.10: The silicon nitride etch rate dependency on the gaseous
HF concentration. The etch parameters are available in table 6.5. The
process chamber temperature was 15 °C. The etch was not subject to
the proximity eect. Each data point represents a single measurement.
Figure 6.11 shows the etch SiO2: PECVD SiN selectivity as a function of HF con-
centration. In excellent agreement with Knotter [46], the lowest selectivity of 7: 1 is
observed at a concentration of 17.4 %. It then increases, reaching a maximum of 13.2:
1 at an HF concentration of 91.3 %. The good agreement between the vapour etch se-
lectivities reported here and the theoretical expressions developed by Knotter for wet
HF etching suggests that the extent of the thin etchant lm was controlled success-
fully and that the etch reactions taking place within the lm are similar to wet etching.
Furthermore, the observation that the etch selectivity almost doubled clearly demon-
strates that the method of thin-lm modulation has the potential to improve HF
vapour etch process control.
6.6.3 Summary
The data presented in this section clearly showed that the SiO2: SiN selectivity de-
pends on HF’s concentration. It was found that the etch selectivity improved from
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Figure 6.11: The silicon dioxide to silicon nitride etch selectivity as a
function of the HF concentration within the HF/H2O gas mixture. The
etch parameters are available in table 6.5. The temperature was 15 °C.
The etch was not subject to the proximity eect.
7.5: 1 to 12.6: 1 when the HF concentration was increased signicantly from 20 % to
91 %.
6.7 The Eect of Cooling on the Selectivity
Knotter [46] [43] also suggested that in wet HF etching the etch selectivity of SiO2
over SiN is a function of the temperature, because diuorides prevail over monouo-
rides at lower temperatures.
6.7.1 Experimental Design
The etch parameters presented in table 6.6 were used to etch blanket PECVD SiN
chips in the Alpha Orbis tool for 80 seconds. The processing HF concentration was
constant at 40 +/-2 %. The lm thickness was measured before and after etching,
using a Nanospec reectometer.
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Figure 6.12: The PECVD SiN etch rate as a function of the process-
ing temperature. The etch parameters are available in table 6.6. The
HF/H2O concentration was constant at 40 % ± 2 %. The etch was not
subject to the proximity eect. Each data point represents a single mea-
surement.
6.7.2 Results and Discussion
Figure 6.12 shows the PECVD SiN etch rate as a function of temperature. It can be
seen that when the extent of the thin etchant lm is controlled, the PECVD SiN etch
rate increases in an exponential manner as the processing temperature is increased.
The lowest etch rate of 2.5 Å s−1 was observed at a temperature of 5 °C, while the
maximum of 12.6 Å s−1 was measured at a temperature of 20 °C. Even though no ref-
erence etch rates were available in the literature, the data is in excellent agreement
with the theoretical expectation.
Figure 6.13 shows the SiO2: PECVD SiN selectivity as a function of temperature. It
can be seen that the reduction of the processing temperature by 15 °C results in a
signicant selectivity increase from 8: 1 to 12: 1, once again in agreement with the
expectation derived from theory. However, the selectivity appears to stop increasing
when cooling below a temperature of 8 °C. The reason for this is unclear, but as this
is the tool’s absolute cooling limit, the actual processing temperature may not be ac-
curately known. If that is the case, etching may not have proceeded at equilibrium
and in consequence, the reactants ux towards the surface would have been lower.
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Figure 6.13: The silicon dioxide to silicon nitride etch selectivity as a
function of the processing temperature. The etch parameters are avail-
able in table 6.6. The HF/H2O concentration was constant at 40 ± 2 %.
The etch was not subject to the proximity eect.
6.7.3 Summary
The data presented in this section clearly showed that selectivity improvements result
from etching at reduced temperature. Compared to etching at 20 °C, the selectivity of
SiO2: PECVD SiN increased by 1.5 times as the temperature was lowered to 8 °C.
6.8 Summary and Conclusion
This chapter investigated whether the HF vapour etch selectivity of SiO2: PECVD
SiN can be improved. It was found that even though a proximity eect exists in HF
vapour etching, it does not reduce the etch selectivity. Instead, the eect causes an
increase in the SiO2 etch rate while having little or no impact on the SiN etch rate.
As a result, the selectivity between the two materials increases. Furthermore, it was
conrmed that the supply of hydrogen into the processing chamber does not improve
the selectivity.
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A model that was developed to control the extent of the thin condensed layer re-
quired for HF etching has yielded exciting results. It was found that the etch rates
behaviour is comparable to that of wet etching when the vapour etch process is care-
fully controlled. More importantly, however, it was also found that the etch selectivity
can be increased by 200 % and 150 % by etching at high HF concentrations and low
temperatures, respectively. Combining both eects would likely improve the etch se-
lectivity even further.
However, the potential of this method is currently limited by the technical capabili-
ties of commercially available processing equipment. The following is recommended
in order to improve the next generation of vapour etch tools:
• Mass ow control capable of regulating the gas ow to an accuracy of 0.1 sccm.
• The maximum processing pressure should be increased to 60 Torr. If selective
etching of SiN over SiO2 is desired, higher pressures limits are required.
• Finally, it might be possible to increase the selectivity even further if the process




Conclusion and Future Work
7.1 Conclusion
The release of free standing structures is a critical process in MEMS fabrication. Stic-
tion, a process limitation that is inherent to wet etching and inhibits the miniaturisa-
tion of MEMS devices, can be overcome by vapour etching processes, provided that
the etch selectivity is reasonably high.
The aim of the work reported in this thesis was to develop a better understanding
of the mechanisms that determine material removal in two standard vapour etch pro-
cesses used for the removal of sacricial layers in MEMS fabrication processes. In
this way it was hoped to achieve better selectivity control to optimise the release
of structures such as membranes, bridges and cantilevers which are key elements of
MEMS sensors. This was made possible by the development of a test measurement
protocol, which takes important process characteristics such as the etch selectivity
and proximity eect into account.
The two processes characterised in this thesis were the etching of silicon and sili-
con dioxide with xenon diuoride and hydrogen uoride respectively. While both
processes are used to release the free standing component of MEMS devices, there
are notable dierences in the chemical and physical mechanisms underlying XeF2
and HF vapour etching.
Firstly, the XeF2 vapour etch of silicon remains in the vapour phase throughout the
entire process, whereas a condensed layer is required to form on the sample to facil-
itate the HF etching of silicon nitride. Secondly, HF requires a catalyst such as water
or alcohol to initiate the etch reaction while XeF2 does not.
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Unsurprisingly, dierent selectivity issues have been reported for both processes. The
generally high selectivity observed in XeF2 etching decreases when two materials are
etched in close proximity to one another. In contrast, the HF vapour etch selectivity
is generally lower than those of HF wet etching, but no further decrease has been
reported for etching in the proximity of other materials.
However, both processes share a number of key features. They were developed to de-
liver a stiction free etch of sacricial layers. They both use uorine-based molecules
as the etchant, have similar hardware requirements and are evaluated using identical
performance parameters.
The rst signicant contribution to the understanding of vapour etch processes pre-
sented in this thesis has been made possible by the successful development of a test
structure and measurement protocol which can be used to characterise vapour etch
processes. The delivery of this capability makes it possible to study and compare
process selectivity for a wide range of materials under realistic MEMS fabrication
conditions. Furthermore, the metrology has been successfully automated, allowing
for quick and convenient measurements. With these advantages and its small size,
the test structure is well suited for both etch process research in academia or quality
control in industry.
By employing test structure measurement, this study has signicantly improved the
understanding of the proximity eect in XeF2 vapour etching. It was previously only
measured for silicon dioxide, but this study observed that it also signicantly reduces
the etch selectivity of polysilicon towards silicon nitride. The underlying mechanisms
that were identied in this study suggest that a broad range of other MEMS materials
is also likely to be aected.
Investigations to mitigate the proximity eect revealed that the supply of moder-
ate amounts of hydrogen to the reaction chamber during XeF2 vapour etching im-
proves the selectivity of polysilicon towards silicon nitride signicantly. Thereby this
method solves some of the selectivity issues associated with XeF2 vapour etching.
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The proximity eect was also observed and characterised for HF vapour etching.
However, in contrast to XeF2 vapour etching, it improved the etch selectivity be-
tween silicon dioxide and silicon nitride. This interesting observation has not been
previously reported in the literature.
Alongside this, a process control method has been developed and characterised for HF
vapour etching. It was demonstrated that the etch selectivity between silicon dioxide
and silicon nitride improved signicantly when etched at low temperatures or with
high HF concentrations. The methodology can enable vapour etch processes to be
run with the same control as those of wet HF etching methods.
7.2 Impact on Sensor Performance
The vapour etch characterisation undertaken in this study has showed that many of
the etch selectivities measured would not be suitable to fabricate MEMS sensors un-
der realistic MEMS fabrication conditions. For instance, the CMUT example sensor
presented in section 1.3 requires a sacricial layer to structural layer selectivity of at
least 10: 1 to be within the specication. In this work, however, polysilicon to silicon
nitride selectivity as low as 5: 4 and silicon dioxide to silicon nitride selectivity of
only 6:1 were measured when vapour etching with XeF2 and HF respectively. Con-
sequently, to fabricate the devices with the above process, would require additional
process design and development.
Fortunately, several methods to improve the etch selectivity in both vapour HF and
XeF2 etching have been demonstrated in this thesis. By adding hydrogen to the reac-
tion chamber, the XeF2 vapour etch selectivity has been improved to 13: 1, which
would enable the fabrication of the CMUT example sensor with a resonance fre-
quency within the specied range.
Similarly, by controlling the composition of the thin liquid lm to reduce the pro-
cessing temperature and/or to increase the HF concentration in vapour HF etching,
the selectivity can be doubled. Again, the resulting improvement of the selectivity
enables this example sensor to be fabricated.
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Wet etch release of structures is a commonly employed process in MEMS technol-
ogy. However, it requires devices to be submerged in a liquid etchant and so stiction
is a potential issue. The ability to vapour etch devices leads to stiction free structural
layer release. It helps to facilitate the drive to towards smaller dimensions. The size
reduction can enable novel sensor applications, increase the sensitivity of existing
concepts, and reduce device unit costs.
The selectivity improvements which can be achieved with an increased understand-
ing of the proximity eect, and the implementation of the process improvements pre-
sented in this thesis, could help to mitigate a potential drawbacks of vapour etching.
7.3 Impact of the Pandemic
Some measurements could not be taken due to the restrictions that were put in place
to control the coronavirus disease 19 (COVID-19) pandemic of 2020 and 2021. More
specically, it was planned to determine the composition of the thin lms used be-
fore and after etching using secondary ion mass spectroscopy (SIMS) measurements.
Those measurements would have allowed determination of how much hydrogen was
embedded in the thin lms, if the embedded hydrogen changes the etch characteris-
tics and if the composition of the lms was altered after etching. However, access to
the measurement equipment was revoked due to the pandemic.
In addition to that, the cleanroom access limitation during the pandemic reduced
the time that could be spent in the laboratory signicantly. Therefore, the number of
data points collected for each HF etch measurement had to be reduced. Furthermore,
the model could not be tested with the test structure.
7.4 Future Directions
While the work reported in this thesis has made signicant progress in understanding
vapour etch selectivity, the equipment capability has been a limiting factor.
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More specically, it was planned to determine the composition of the thin lms used
before and after etching using secondary ion mass spectroscopy (SIMS) measure-
ments. Those measurements would have allowed determination of how much hy-
drogen was embedded in the thin lms, if the the embedded hydrogen changes the
etch characteristics and if the composition of the lms was altered after etching. Un-
fortuntaley, access to the measurement equipment was revoked due to the pandemic.
Consequently, the suggested future work requires the boundaries of the hardware
provision to be expanded.
XeF2 etching at subzero temperatures could further improve etch selectivity, as the
polysilicon etch rate has been observed to increase as the processing temperature de-
creases. Reducing the temperature to -20 °C or even -70 °C has the potential to yield
substantial improvements. However, a novel cooling concept would need to be de-
veloped and implemented, as currently available systems are limited to temperatures
above 5 °C.
High pressure XeF2 etching while supplying hydrogen to the chamber could improve
this study’s selectivity enhancement even further. Current equipment is limited to a
maximum pressure of 10 Torr, but changing the pressure control system to allow for
higher processing pressures could be a straightforward tool modication.
Increasing the range of controllable processing parameters in HF etching also has
the potential to increase the selectivity. The results from the experiments to control
the liquid thin lm, developed and presented in this study, suggest that this method
should improve HF vapour etch selectivity signicantly. However, to achieve this,
hardware modications would be required, specically to enable a greater range of
gas ows to be supplied to the chamber. In parallel, mass ow controllers would need
to supply gas ows with a uctuation of less than 0.1 sccm, with a processing pres-
sure range of at least 3 to 70 Torr. It would be interesting to repeat the experiments
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nitride structural layer were deposited using plasma enhanced 
chemical vapour deposition (PECVD) at low and high 
frequencies respectively  Silicon dioxide was selected as an etch 
stop because it is largely unaffected by the XeF2 vapour etch 
process while remaining stable at high temperatures  If the 
etchant used attacks silicon dioxide, a 50 nm thick platinum 
layer can be used as an alternative etch stop  The 450 nm thick 
sacrificial layer of polycrystalline silicon and 350 nm thick 
capping layer of aluminum were deposited using LPCVD and 
sputter deposition respectively  Aluminum was employed as the 
capping layer, because it is not attacked by the XeF2 vapour 
process, can be sputter deposited and reactive ion etched while 
its mechanical properties prevent fracture of the bridges during 
the profilometer measurement  Aluminum is not recommended 
as first choice capping layer for hydrogen fluoride vapour 
etching, because it fluorinates and the resulting particulates on 
the sample create noise during the measurement  A contact mask 
aligner was used to transfer the pattern from a chromium 
photomask into a 3 µm thick layer of photoresist (SPR 220 – 3 0) 
which was subsequently developed for 1 minute in MF-26  The 
trenches in the aluminum, polycrystalline silicon, and the silicon 
nitride layer stacks were anisotropically etched by reactive ion 
etching  After the resist was removed, the organic residues were 
cleaned from the wafer in an oxygen plasma and the wafer was 
diced into 90 chips with an edge length of 11 x 5 5 mm   
IV  INTERPRETING THE SURFACE PROFILE 
After the test structures have been scanned by the 
profilometer the resulting surface profile is used to obtain the 
undercut for the sacrificial and the structural layer  The 
measurement reading procedure is explained on the basis of test 
structures that were exposed to a xenon difluoride vapour for 40 
seconds at a process pressure of 9 Torr, with a nitrogen carrier 
gas flow of 100 sccm, at a temperature of 30°C  
 The resulting surface profile is displayed in figure 4  For 
these particular process parameters, the 30 µm wide bridge was 
the widest one that has been vertically deflected by more than 
450 nm (the thickness of the polysilicon) indicating the 
sacrificial material has been fully etched  The resulting undercut 
is 15 µm with an apparent etch rate of 375 nm s-1  The 24 µm 
wide bridge has deflected by 650 nm (the combined thickness of 
the polysilicon and silicon nitride layers), indicating the 
structural layer of silicon nitride has also been fully etched with 
an apparent etch rate of 300 nm s-1   This suggests an etch 
selectivity between the polysilicon and silicon nitride layers of 
5:4  Depending on the output format of the profilometer used, 
programming can be used to automatically extract the undercut 
data from the surface profile  
V  MEASUREMENT VERFICIATION 
The test structure measurements were verified using two 
different methods   Firstly, five samples from a larger pool of 
chips, that were etched and measured during the process 
calibration, were randomly selected and the capping aluminum 
layer removed  Energy-dispersive X-Ray spectroscopy (EDX) 
was used to determine if the silicon nitride was removed at the 
bridge width indicated by the surface profilometry  In all cases, 
the EDX measurement agreed with the results of the surface 
profile  Secondly, cross sectional SEM images of etched 
structures confirmed that the polycrystalline silicon and silicon 
nitride were removed at the bridge, indicated by the test 
structure  Figure 5a shows the 31 μm wide bridge being 
supported by a thin pillar of sacrificial polysilicon  Figure 5b 
Fig  4    Surface profile retrieved after vapour etching the test structure  The thicknesses of the polycrystalline silicon and silicon nitride layers are represented by 
the different underlyings of the graph  
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shows the 28 µm wide bridge of the same test structure, the 
sacrificial layer has been fully removed and the aluminum bridge 
is suspended above the silicon nitride layer  
 
 
VI  RESULT AND DISCUSSION 
A. Experimental Result 
A series of etch experiments was undertaken on a XeF2 
vapour etch tool, to characterize the performance of the test 
structures  The tool operates in a continuous flow configuration, 
constantly supplying the xenon difluoride to the etch chamber  
It has the capability to change the processing pressure, chamber 
temperature and allows additional supply gasses to be 
introduced into the etch chamber  The nitrogen carrier gas flows 
through a bubbler, introducing the xenon difluoride into the 
chamber  The xenon difluoride concentration within the etch 
chamber is inversed proportional to the carrier gas flow   An 
excerpt of a larger dataset is displayed in figure 6, with each of 
the 12 data points representing a sample  They were etched at 
different process pressures, carrier gas flows and etch times at a 
constant temperature of 25°C  Eight test structures were 
measured on each sample  The average measurement and the 
etch parameters used are presented in figure 6 and the error bars 
indicate the standard deviation of each dataset  The data is 
consistent and shows a polycrystalline silicon to silicon nitride 
selectivity of 5:4  Furthermore, it shows that the selectivity is 
independent of the processing pressure, xenon difluoride 
concentration and etch time  The reasons for this and methods to 
significantly improve the selectivity are currently being 
researched by the authors    
B. Performance 
A total of 56 chips with 8 test structures per chip, were 
vapour etched in a XeF2 atmosphere at different conditions to 
characterize the resulting variance in the etch undercuts of the 
structures on each sample  The maximum polysilicon and silicon 
nitride undercut standard deviations were 1 96 µm (mean 27 86 
µm) and 2 2 µm (mean 28 5 µm) respectively  The population 
standard deviations and the yield of successful measurements 
are displayed in table 1  The performance can be significantly 
improved, by adopting the design and measurement 
considerations presented in the next section into account   
TABLE I   PERFORMANCE OF TESTS STRUCTURE  
 Polysilicon SiN 
Number of attempted measurement 448 448 
Number of successful  measurements 426 350 
Successful measurement in [%] 95 75 
Population  Standard Deviation σ [µm] 0 4 0 37 
 
C. Test Structure Measurement Consideration 
The authors observed five modes that can cause a faulty or 
incomplete measurement  Firstly, it is important to carefully 
define the etch time to prevent both over and under etching  In 
this example, over etching would occur once the 100 µm wide 
(widest) bridge is released, because in that case the maximum 
undercut cannot be determined  Similarly, no measurement can 
be obtained, if twice the undercut is less than the width of the 
narrowest bridge  If a fixed etch time is required, this problem 
can be overcome by adjusting the test structure design   
The three remaining measurement issues are caused by 
suboptimal surface profiler settings  Firstly, mechanical 
destruction of the bridges can occur if the downforce of the 
surface profiler’s stylus is too high  In consequence, the bridges 
are ripped from their anchoring, adhere to the stylus and 
contaminate the tool  Secondly, the stylus bounces off the 
bridges if the downward force is too low  This leads to a 
perturbed signal that resembles a positive bridge deflection up to 
10 micrometers  A down force of 2 – 3 mg yielded the best 






Fig  5   Scattering electron microscope (SEM) images of focus ion beam (FIB) 
cut crossesctions of a  the centre of the 31 μm wide bridge  The polycrystalline 
silicon pillar has not been fully removed yet and prevents deflection of the bridge 
during profiling  b  The polycrystalline silicon layer of the 28 µm wide bridge 
has been fully etched  The bridge has deflected and is supported by the remaining 
silicon nitride      
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been reported to significantly improve the selectivity of
fluorine-based etch processes [22], [23].
(4) Sugano et al. [24] observed that the selectivity of Si:
Si3N4 and Si: SiO2 decreases from 488:1 to 29:1 and from
5287:1 to 281:1 respectively if the samples are exposed to
3 Wcm−2 of UV light at a wavelength of 310 – 340 nm.
Another study by Streller et al. [25] suggested that XeF2
dissociates into XeF and F if excited by ultraviolet light with
short wavelength (<150 nm).
This paper focuses on the first and the third of these four
mechanisms, the adjustment of the processing temperature and
the addition of gases. Firstly, the equipment, test structures
and measurement method used during this experiment are
detailed, after which the results from the XeF2 vapour etching
proximity effect characterization are presented and discussed.
Various samples with SiO2, LPCVD Si3N4 and PECVD SiN
structural (target) layers were etched at pressures of 3 – 9 Torr,
XeF2 gas flows of 15 – 35 sccm and temperatures 5◦C - 45◦C.
The impact on the selectivities, when adding hydrogen to the
gas mix, is also presented.
II. EQUIPMENT, TEST STRUCTURE AND METHOD
A commercial memsstar Alpha Orbis XeF2 etch tool was
used in this work. In contrast to most of the previously
published research on XeF2 etching, the memsstar tool contin-
uously supplies XeF2 to the reaction chamber (rather than in
pulses), In addition the processing pressures are comparatively
high (up to 10 Torr). The chamber temperature is controllable
and can be adjusted to values between 3◦C and 45 ◦C in
increments of 0.1◦C. Nitrogen is used as a carrier gas to
transport the XeF2 into the reaction chamber, and additional
gases can be added to the mix.
A customized test structure and measurement method were
developed for this experiment. A detailed description of
the design, fabrication procedure and measurement method,
as well as a thorough characterization, have been previously
presented [10]. The test structures were designed to measure
the selectivity between a target layer and a sacrificial layer.
It should be stressed that the selectivities measured are specific
to the layout and architecture of the test structures, which have
been specifically designed to ensure very close proximity of
the materials being evaluated. As a result, the selectivity values
measured using the test structures may be significantly poorer
than those quoted elsewhere.
The test structure consists of an array of aluminum bridges
that are suspended above the sacrificial layer, which in turn
sits above the target layer. In these experiments, the target
layer was either silicon nitride or silicon dioxide. In this
case, the width of the bridges increases in increments of
1 µm in the width range between 2 µm and 50 µm and
in increments of 2 µm for the 50 µm to 100 µm wide
bridges. These values are sufficient to measure etch selectivties
at a range from 1.5:1 to 50: 1 with an undercut resolution
of 500 nm.. All bridges are 300 µm long. In a previous study,
the selectivities were found to be independent of the bridge
length. The 300 µm long bridges are a trade-off between the
requirement to minimize the real estate required by the test
Fig. 1. Graphic depiction of the functionality of the test structure. Showing
the layout in a) and a cross-section of a partially etched structure in b); where
(I) is the capping, (II) the sacrificial, (III) the target, and (IV) the etch stop
layer; (V) represents the substrate. c) Shows an example surface profiler from
an etched array.
structure on a production wafer and the requirement to align
the samples on a surface profiler for the measurement [10]. For
reference, the layout and the cross section of a partially etched
test structure are displayed in Fig. 1 a). and b). The wafer
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TABLE I
LAYER CONFIGURATION OF THE SAMPLES USED
with the test structures was diced into chips 11 mm long and
5 mm wide. Each chip contained 8 test structure arrays. The
sacrificial layer was etched using varying process parameters
for each chip. After the release, the bridge array was scanned
by a surface profiler. During the measurement, the bridges
where the sacrificial layer has been etched were deflected by
the height of the sacrificial layer. If the target layer (SiO2
or SiN) has also been removed, the total deflection of the
bridge is the height of the sacrificial and the target layer. If
the bridge has not been fully released, the extent of etching is
still revealed by the deflection of the bridge. The etch undercut
of the sacrificial layer is equal to half of the width of the
widest bridge deflected by the height of the sacrificial layer.
The etch undercut of the target layer is obtained similarly.
It is half of the widest bridge deflected by the height of
both the target and the sacrificial layer. An example of the
resulting surface profile is presented in Fig. 1 c), it shows
the signal that would result from the partially etched structure
depicted in the cross-section of Fig. 1 b). The accuracy of
this measurement was previously verified by imaging the cross
sections of five randomly selected samples [10]. In all cases,
the cross sectional images were in full agreement with the
surface profile.
In total, five 100 mm diameter wafers were prepared with
different layer configurations of materials available to the
authors, diced into chips and used for this experiment. For
reference, the layer compositions are detailed in table I.
For example, two samples were prepared for silicon dioxide
measurements. The first was a reference sample, with a 500 nm
thick layer of PECVD silicon dioxide and no sacrificial layer,
denoted SiO2-Reference. The second sample also has a 500 nm
thick PECVD SiO2 layer, this time covered by a 500 nm thick
polysilicon sacrificial layer, denoted SiO2-PECVD. A 50 nm
thick platinum layer with a 10 nm thick titanium adhesion
layer was used as an etch stop for both samples.
A 350 nm thick aluminium layer was sputter deposited on
to all the samples. After photolithographic patterning of the
layout displayed in Fig. 1 a), the aluminium and the polysilicon
sacrificial layer were reactive ion etched (RIE). The exposed
SiN and SiO2 were also patterned using RIE in order to
provide the vapour etch access to the layered stack to be
etched. After resist removal, the wafers were cleaned in an
oxygen plasma and diced.
III. EXPERIMENT
Before starting an experimental session, the vapour etch tool
chamber was vented, and a standard etch process was run on an
empty chamber. Then, another tool-specific calibration run was
performed to determine the gas flows. After the temperature
of the pedestal was adjusted to the desired value, the chamber
was vented, and the sample loaded. At this point the etch
recipe was programmed, and the etch process started. The tool
enables control of the pressure, carrier gas flow and etch time
with reactants flowing into the reaction chamber continuously.
The chamber pressure and the carrier gas flow vary by less
than 0.5 % during processing. The amount of XeF2 carried
into the chamber, however, depends on the amount of solid
XeF2 within the bubbler. It slowly decreases over the long
term (10 – 20 of hours of etch time). It also decreases when
running etch processes in rapid succession. It then recovers
again after a break of roughly one hour. This must be taken
into account when conducting more extensive experiments.
The level of XeF2 supplied to the chamber has a significant
impact on the etch rate and is, therefore, the largest source
of error. An external cooling and heating unit controls the
pedestal temperature. When operating within the range of
roughly 10 – 35 ◦C the temperature displayed on the external
unit is equal to the measured temperature of the pedestal.
For values outside this range, an additional measurement of
the pedestal temperature was made for assurance. Undercut
etching at the edges of the diced chips can be expected.
While no silicon loading was observed in this experiment,
it can occur if larger samples are processed, or if the XeF2
concentration within the reaction chamber is lower. In that
case, the loading effect can be reduced by covering the edges
of the sample.
IV. RESULTS
Three variable process parameters typically define the
vapour etch process, the chamber pressure, the etch time and
the XeF2 gas flow into the chamber. In this experiment, two
additional parameters are considered, the chamber temperature
and the flow of additional gases, specifically hydrogen. The
experiment was conducted on chips from the five samples
described above. The SiN-Reference and SiO2-Reference sam-
ples could not be measured using the test structure because the
etch rates were below the limit of detection. This observation is
critical, as these benchmark samples suggest very high selec-
tivities of SiO2 and SiN towards XeF2. However, the SiO2,
PECVD SiN and LPCVD Si3N4 layers etched when placed
in proximity to the sacrificial layer. The following section
describes the results of this proximity etching in more detail,
and the observations are summarized in Table II.
A. Impact of the Etch Parameters on the Etch Rates
Fig. 2 shows that the removal of sacrificial polysilicon is lin-
ear over time with etch rates between 392 nm/s and 545 nm/s
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TABLE II
THE EFFECT OF ADJUSTING THE ETCH PARAMETERS XEF2 FLOW, PRESSURE AND TEMPERATURE ON THE ETCH RATE
Fig. 2. Polysilicon etch undercut over time.
Fig. 3. The etch of the target materials as a function ot time.
being measured. The spread of the etch rates suggests that
different etch by-products can affect the rate of polysilicon
removal. It is possible that the proximity effect does not only
affect the target material but also increases the etch rate of
the sacrificial layer. From Fig. 3, it can be observed that the
PECVD silicon nitride is etched at a rate of 347 nm/s, and
follows the same linear trend.
In contrast, the undercuts for the LPCVD SiN and the
PECVD SiO2 appear to be independent of time. This can
be explained by the etch halting once the fluorine radical
generating materials in its proximity have been fully removed.
The PECVD SiO2 sample that was etched for 40 seconds
could not be adequately measured and therefore, does not
have a data point. Fig 4. presents three graphs, which show
that the etch rate linearly decreases with increased XeF2
flow. This seems counter-intuitive, but there are two possible
explanations. Firstly, the XeF2 is supplied through a bubbler,
and the flow increase is achieved by increasing the carrier
gas flow. The decline in the etch rate with increased XeF2
flow, as displayed in Fig. 4, can be explained by the larger
carrier gas flows required to supply the reactant. For instance,
if 25 sccm of N2 is used as the carrier gas, roughly 16 sccm
XeF2 are transported to the chamber. This corresponds to a
ratio of around 3 to 2. However, if 100 sccm of N2 was
used as the carrier gas, roughly 36 sccm of XeF2 flows
into the chamber, corresponding to a ratio of around 3 to 1.
This suggests that the XeF2 partial pressure decreases with
increasing carrier gas flow.
Secondly, the carrier gas flow determines the time it takes
for the chamber to ramp up to the processing pressure, with
lower flows resulting in longer ramp times. With XeF2 etchant
being supplied to the chamber during the ramp time, the effec-
tive etch time increases with lower gas flows. As this is not
taken into account when calculating the etch rate, the apparent
etch rate appears to be higher. The tool’s in-built etch monitor
measures the amount of silicon fluorine bonds in the reaction
chamber and gave a response of 1491, 1072 and 790 counts
for XeF2 gas flows of 16.4 sccm, 24.8 sccm and 35.8 sccm
respectively. This indicates a higher level of SiF4 within the
reaction chamber at lower XeF2 flows. The PECVD silicon
nitride and polysilicon etch rates also appear to be similarly
affected by the gas flows. However, the LPCVD silicon nitride
and the PECVD silicon dioxide etch rates are not observed to
correlate in the same way.
The data presented in Fig. 5 show the effect that the
processing pressure has on the removal of polysilicon and
the respective target materials. The data indicates that there
is a correlation between the processing pressure and etch rate.
For polysilicon, it indicates, that increased processing pressure
increases the etch rate. The same effect takes place with the
PECVD silicon nitride. In contrast, the etch rate varies very
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Fig. 4. The XeF2 flow dependency of the etch rate at a pressure of 9 Torr, 25◦C and an etch time of 60 seconds. a) polysilicon towards PECVD SiN
b) Polysilicon towards LPCVD Si3N4 and c) polysilicon towards PECVD SiO2.
Fig. 5. The pressure dependency of the etch rate a) Polysilicon towards PECVD SiN b) Polysilicon towards LPCVD Si3N4 c) Polysilion towards PECVD SiO2.
Fig. 6. The temperature dependency of the etch rate a) Polysilicon towards PECVD SiN b) Polysilicon towards LPCVD Si3N4 c) Polysilion towards
PECVD SiO2.
little with increased pressure for the LPCVD silicon nitride
and the PECVD silicon dioxide.
The data presented in Fig. 6 indicates a temperature depen-
dency of the etch rate of the polysilicon and the target
PECVD SiN. The polysilicon etch rate linearly decreases with
increasing temperature at a rate between 128-159 nm/min/◦C.
This temperature-dependent etch rate decrease was expected,
as it has been reported before by Chang et al. [5] and
Ibbotson et al. [18] and is coherent with theories developed
by Flamm et al. [15] and Vugts et al. [19]. In contrast,
the PECVD silicon nitride etch rate increases with increasing
temperature with a rate of roughly 150 nm/min/◦C. The etch
rate of the LPCVD silicon nitride, and the PECVD silicon
dioxide appears to be unaffected by the change in temperature.
The data presented in Fig. 6 indicates a temperature depen-
dency of the etch rate of the polysilicon and the target
PECVD SiN. The polysilicon etch rate linearly decreases with
increasing temperature at a rate between 128-159 nm/min/◦C.
Authorized licensed use limited to: University of Edinburgh. Downloaded on February 02,2021 at 12:29:00 UTC from IEEE Xplore.  Restrictions apply. 
157
RONDÉ et al.: MANIPULATING ETCH SELECTIVITIES IN XeF2 VAPOUR ETCHING 161
Fig. 7. Polysilicon and PECVD SiN etch rates of sample PECVD SiN relative
to the amount of hydrogen supplied to the etch chamber. The inset magnifies
the data for the hydrogen flows of 0 to 4 sccm.
Fig. 8. Polysilicon and thermally grown Si3N4 of sample LPCVD SiN
relative to the amount of silicon supplied to the chamber. The inset magnifies
the data for the hydrogen flows of 0 to 4 sccm.
This temperature-dependent etch rate decrease was expected,
as it has been reported before by Chang et al. [5] and
Ibbotson et al. [18] and is coherent with theories developed
by Flamm et al. [15] and Vugts et al. [19]. In contrast,
the PECVD silicon nitride etch rate increases with increasing
temperature with a rate of roughly 150 nm/min/◦C. The etch
rate of the LPCVD silicon nitride, and the PECVD silicon
dioxide appears to be unaffected by the change in temperature.
The addition of hydrogen has a significant effect on the
etch rates of polysilicon and both PECVD and LPCVD silicon
nitride. Both Fig. 7 and 8 show that the polysilicon etch rate
TABLE III
THE XEF2 VAPOUR ETCH SELECITIVITIES AND THE RESPECTIVE ETCH
CONDITIONS THEY WERE OBSERVED
increases by roughly 9% as the hydrogen flow is increased to
0.5 sccm. A further increase of the hydrogen flow leads to a
sharp reduction of polysilicon etch rate. For example, the etch
rate drops from 25 µm/min for a hydrogen flow of 0.5 sccm
to 10 µm/min at a flow of 10 sccm. After this sharp decrease,
the etch rate stabilizes and decreases slowly as the hydrogen
flow is increased. For the PECVD SiN, the effect is even more
pronounced. The etch rate sharply drops from 20 µm/min
at a hydrogen flow of 1 sccm to 1 µm/min for a flow of
2 sccm. Beyond that point, additional hydrogen does not seem
to reduce the etch rate any further. The general etch rates of
the LPCVD silicon nitride are very low, which makes accurate
measurements difficult. Fig. 8 shows a slight decrease in the
etch rate from 1 µm/min without hydrogen to 0.2 µm/min with
the addition of 30 sccm hydrogen. During this experiment,
the XeF2 flow fluctuated by roughly 1.3 sccm. Five samples
were etched at a constant XeF2 flow of 24.85 sccm. For these,
a linear decrease of roughly 160 nm/min per sccm of hydrogen
was observed between hydrogen flows of 0 and 20 sccm.
At 30 sccm, no further decrease was observed.
A similar experiment was conducted for the PECVD-SiO2
samples. The hydrogen addition did not change the etch rate
of the SiO2. Four samples were etched for 300 seconds,
with 0, 1, 3 and 10 sccm hydrogen additions. The silicon
dioxide undercuts varied between 2.1 and 2.6 µm, indicating
an etch rate of 0.42 to 0.52 µm/min. The standard deviation
of the undercuts lay between 0.2 and 0.6 µm. Similarly, four
more samples were etched for 120 seconds using the same
conditions and hydrogen flows as for the previous samples.
Again, the etch undercuts were between 2.3 and 2.6 µm
and showed no correlation with the hydrogen flow into the
chamber. The very similar undercuts measured on the samples
etched for 120 seconds and 300 seconds indicate that the SiO2
etch stops once the polysilicon in the proximity of it has been
entirely removed.
B. Impact of the Etch Parameters on the Selectivity
The selectivities that can be calculated from the data pre-
sented in figs 2 to 8, and the conditions under which they were
obtained are summarized in table III.
While the PECVD silicon nitride selectivity does not appear
to correlate with the XeF2 flow, the selectivity of polysilicon
towards silicon dioxide and the LPCVD silicon nitride does
slightly increase at a flow rate of 25 sccm XeF2. The change
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of the pressure does not have a significant impact on the
selectivity in any of the presented material combinations.
The temperature, however, does have an impact with the
polysilicon etch rate decreasing with rising temperatures, while
the etch rates of the LPCVD silicon nitride and the PECVD
silicon dioxide remain constant. This causes a decrease in
selectivity with increasing temperatures. This effect is even
more pronounced for polysilicon and PECVD silicon nitride.
The addition of hydrogen has a significant impact on the
polysilicon to PECVD silicon nitride selectivity. It rapidly
improves from roughly 1.2:1 to 12.8:1 when the hydrogen
flow is increased from 0 to 10 sccm. However, the 10 times
increased selectivity is at the expense of decreasing polysilicon
etch rate (from 22.4 to 9.6 µm/min). Increasing hydrogen
additions leads to a decrease in selectivity because the polysil-
icon etch rate decreases faster than the silicon nitride etch
rate beyond this threshold. The polysilicon to LPCVD silicon
nitride selectivity also strongly improved with the addition of
hydrogen. The maximum selectivity was measured at 38:1
for a 0.5 sccm hydrogen flow to the chamber. The lowest
selectivity is reached at 10 sccm, with 12.3:1. The addition of
hydrogen did not appear to have any impact on the SiO2 etch
rate. Unexpectedly, the polysilicon and PECVD silicon nitride
etch rates are higher at 0.5 and 1 sccm hydrogen flows, than
they are without any hydrogen addition. It should be noted
that the XeF2 partial pressure within the reaction chamber
decreases as the amount of hydrogen supplied increases.
V. DISCUSSION
A. Proximity Effect
The first hypothesis presented in this work was that fluorine
radicals are formed during the etching of polysilicon that
can attack other materials. Two observations have been made
that provide supporting evidence. Firstly, no etch could be
measured for the reference samples where no polysilicon
is present. However, all three materials were etched at a
measurable rate when placed in proximity of the sacrificial
polysilicon. This suggests that LPCVD Si3N4 and SiO2 are
inert to XeF2 but are etched by the reaction product (fluorine)
that is formed during the etching of the polysilicon. Secondly,
as can be observed in Fig. 2 and Fig. 3, the linear increase of
the polysilicon and PECVD SiN undercut over time suggests
that they reach a steady-state and etch at a constant rate.
In contrast to that, the SiO2 and LPCVD Si3N4 begin to etch
but seem to stop etching, once 2 – 3 µm have been undercut.
Both phenomena can be explained by the results of
extensive research into the XeF2 etch mechanics conducted
by Hefty et al. [12], [14]. They concluded that the XeF2
abstracts1 a fluorine atom at a dangling bond of the silicon.
The remaining XeF molecule is scattered into the gas phase
and can follow either of two reaction paths. It can abstract
the second fluorine atom on another dangling bond or dissoci-
ate and scatter the Xe and fluorine atom. The fluorine radicals
that are scattered onto the silicon break Si-Si lattice bonds
and gradually fluorinate the polysilicon forming SiF, SiF2 and
1Abstraction describes the removal of an atom by a radical.
SiF3. Finally, all Si-Si bonds are broken, and SiF4 desorbs
into the gas phase. They also suggested that the backscattering
of fluorine radicals onto the silicon surface explains why
the Si etch rate with XeF2 is an order of magnitude larger
than the reaction rate with F2. It is highly likely that these
backscattered fluorine atoms can react with the silicon dioxide
or silicon nitride. Relative energy calculations conducted by
Veyan et al. [9] for the reaction of XeF2 abstraction generated
fluorine with SiO2 suggest that it is energetically favourable,
releasing 15.9 eV exothermally.
Furthermore, Loewenstein [16] investigated the
temperature-dependent etch rates of SiO2, LPCVD Si3N4 and
polysilicon in remote plasma-generated fluorine. The SiO2
used was LPCVD and is not directly comparable with the
PECVD SiO2 used in this study. However, the polysilicon
and the LPCVD Si3N4 used are very similar to the layers
described here. From the data, polysilicon to LPCVD Si3N4
selectivities of 7.1:1 and 11.4:1 can be calculated for 16◦C
and 30◦C respectively. Van de Ven et al. [26] reported a-Si:
Si3N4 selectivity of 8:1 when etching with fluorine [15]. Both
reference values are in good agreement with the polysilicon
to LPCVD Si3N4 selectivity range of 8.5:1 to 12:1 reported
here. The PECVD SiN etched at a very high rate, and the
selectivities in proximity etching are very low. Apparently,
it has been observed, that “plasma nitride” (PECVD SiN)
etches at a similar rate or even more rapidly than Si in
CF4/O2 plasmas [15], [26]–[28]. Assuming that they refer
to PECVD SiN and that fluorine is the reactive species in
the CF4/O2 plasma etching process, their observations are in
excellent agreement with those presented here.
In the case of the reference samples, no fluorine was gen-
erated as no sacrificial polysilicon was available for fluorine
abstraction. Therefore the reactant to etch silicon nitride and
silicon dioxide was not available.
Regarding the etch rate to pressure plots displayed in Fig. 5,
these indicate, that the etch reaction of the LPCVD Si3N4, and
the SiO2 ceases once the polysilicon in proximity has been
etched away. At low pressures, when the polysilicon is etched
more slowly and remains in the vicinity of the LPCVD Si3N4
and SiO2 for a longer time, the structures etch for longer,
and the etch rate is higher. Most likely, this is caused by the
dynamics of molecular movement. The fluorine radicals have
a limited mean free path and disperse as they scatter away
from their point of origin. A critical concentration of fluorine
is required to sustain the etch reaction of LPCVD Si3N4 and
SiO2. The reaction will therefore stop once the sacrificial layer
etch front has travelled beyond its proximity. For the LPCVD
Si3N4 and SiO2 datasets presented here, this distance appears
to be 2-3 µm.
In conclusion, the discussion above suggests that fluorine
radicals are formed and scattered during the reaction of XeF2
with silicon. Hence, it is highly likely that the proximity effect
affects all materials that are etched by fluorine.
B. Effect of Temperature on Selectivity
Having established that the formation of fluorine radicals
causes the proximity effect, this work considered methods
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to improve the selectivity. The temperature dependence of
the etch rate of silicon using XeF2 is the first promising
mechanism that was investigated.
Considering the Arrhenius equation:






One would expect that the etch rate (E.R.) increases when
the temperature (T) rises because the gas constant (R) and
the pre-exponential factor (A) are constants and the activation
energy (Ea) is positive. This behaviour has been observed for
the etching of polysilicon, SiO2 and high-temperature chem-
ical vapour deposited Si3N4 with fluorine [16]. In contrast,
Vugts et al. [19] observed the highest XeF2 etch rates of
silicon at 150 K. As the temperatures increases, the reac-
tion rate decreases, reaching a minimum reaction probability
of roughly 20% at around 400 K. The reaction rates then
rise again in the temperature range of 600 K to 900 K.
Ibbotson et al. [18] observed that the reaction rate to temper-
ature plot behaves linearly at temperatures below 360 K and
calculated a reaction activation energy for this temperature
spectrum of −13.4 kJ/mol (−3.2 kcal/mol).
The data in Fig. 6 shows the same trend over a limited
temperature range. The calculated reaction energies are sig-
nificantly lower at −3.75kJ/mol (−0.9 kcal/mol). It is unclear
why the activation energy is negative in this case. Ibbotson
suggested that the XeF2 forms a bound surface layer prior
to etching [18]. This hypothesis does not fully agree with the
etch mechanism described by Hefty et al. [12], [13]. However,
the Brunauer-Emmett-Teller (BET) theory [29] suggests that
the rate of molecular adsorption increases with decreased
temperature. Possibly, the abstraction of the fluorine on the
silicon dangling bonds increases at lower temperatures. This
would be consistent with previous research that found that the
reaction layer grows at an accelerated rate between 200 K and
250 K [19].
Fig. 6 a. suggests that the etch rate of PECVD silicon
nitride increases with increasing temperature. From the graph,
the activation energy was calculated to be 6.221 kJ/mol
(1.48 kcal/mol). Unfortunately, no reference value for the
PECVD SiN fluorine etch activation energy could be obtained
from the literature, but the value presented here appears
reasonable. The data does not show a temperature correlation
for the LPCVD Si3N4 and the SiO2 samples. However, this
does not mean that this is not the case, because the SiO2
and LPCVD Si3N4 etch reaction could have stopped once
the sacrificial layer had etched beyond the proximity etch
distance as discussed earlier. The literature suggests that the
SiO2 and LPCVD Si3N4 reaction rates with fluorine are
temperature dependent. Loewenstein [16] reported activation
energies of 14.853 kJ/mol (3.55 kcal/mol) and 14.058 kJ/mol
(3.36 kcal/mol) for LPCVD Si3N4 and SiO2 respectively. Both
reaction energies are positive. This implies an increased etch
rate with increased temperature.
In summary, the data presented in this study and the
literature suggests, that the selectivity of Si towards PECVD
SiN, SiO2 and LPCVD Si3N4 increases with decreasing
temperature. However, the measurements also suggest, that
significant selectivity improvements can only be expected at
temperatures substantially below 0 ◦C. There are no vapour
etch tools currently on the market that can operate in such a
low-temperature regime.
C. Effect of Hydrogen on Selectivity
When hydrogen was added into the etch chamber it was,
observed to have an impact on the etch selectivities of PECVD
and LPCVD Si3N4. In particular, the PECVD SiN etch rate
drops significantly. Assuming, that the fluorine radicals are
causing the proximity etching effect it is reasonable to add
hydrogen in order to form unreactive hydrogen fluoride HF
according to;
H2 + F → H F + H (2)
The hypothesis that the addition of hydrogen significantly
reduces the number of reactive fluorine radicals, is sup-
ported by the decreasing polysilicon etch rates observed with
increased hydrogen flows. However, the reaction is not com-
pletely halted for any of the materials investigated in this study.
The reasons for this are unclear, and a detailed investigation
is beyond the scope of this article. However, there are two
possible explanations. Firstly, the formation of highly reactive
hydrogen radicals as a product of the reaction in equation (2),
might cause the continuous etching of these materials. A study
into hydrogen plasma etching by Chang et al. [30] reported
hydrogen radical etch rates of 15 Å/min for SiO2 and LPCVD
Si3N4 and 250 – 500 Å/min for silicon. These etch rates are
roughly 10% of those reported here. However, the data is
difficult to compare as it is unclear at which pressure their etch
rate data was obtained. An alternative mechanism might be the
formation of hydrogen fluoride in an excited state, as presented
by Volynet et al. [21] and Jung et al. [22]. They found that
the presence of excited hydrogen fluoride brings additional
energy to the reaction site, enabling a selective etch reaction of
LPCVD Si3N4 over SiO2. Interestingly, even though different
materials were etched, both their work and this study observed
maximum etch rates after the addition of hydrogen.
In summary, the addition of hydrogen significantly improves
the etch selectivity of LPCVD Si3N4 and PECVD SiN towards
polysilicon. However, the data related to the impact of hydro-
gen on the selectivity of SiO2 towards polysilicon showed no
enhancement. This may be due to the fluorine radicals and
hydrogen forming unreactive HF. However, the detailed mech-
anisms involved are yet unclear, and further investigations are
required to understand the chemistry fully.
VI. CONCLUSION
In conclusion, this paper provides strong evidence sup-
porting the hypothesis that the selectivity of various fluo-
rine reactive materials to polysilicon reduces significantly if
they are exposed to the etch reactions by-products in close
proximity (< 3 µm) to the sacrificial material during XeF2
vapour etching. It is proposed that the fluorine radicals that
form during the silicon etch, attack the LPCVD Si3N4, SiO2,
and PECVD SiN investigated in this study. For test structures
used in this study, this resulted in selectivities as low as 6.3:1,
Authorized licensed use limited to: University of Edinburgh. Downloaded on February 02,2021 at 12:29:00 UTC from IEEE Xplore.  Restrictions apply. 
160
164 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 30, NO. 1, FEBRUARY 2021
11.4 and 5:4 respectively. It should be remembered that these
selectivities relate to the specific layout (“worst-case”) and
architecture of test structures employed in this work. Their
value is that any process enhancements that improve their
selectivity can be confidently adopted for structures more
typical of MEMS devices. With the proximity effect inhibiting
the design and manufacturing possibilities of MEMS and
NEMS two methods to improve the selectivity have been
identified:
1) Reducing the process temperature by 15 ◦C improved
the PECVD SiN selectivity from 5:4 to 7.4:4. How-
ever, significant improvements can only be expected
when operating at low subzero degrees Celsius tem-
peratures. Current commercial tools that operate in this
temperature regime are not available, but should it be
required, enhanced cooling systems offer the opportunity
to realize this potential for selectivity improvement in
the future.
2) Supplying hydrogen into the reaction chamber during
etching yielded significant selectivity improvements. It is
proposed that this improvement results from the fluo-
rine radicals and the H2 forming unreactive hydrogen
fluoride molecules. This significantly reduces the etch
rates of LPCVD Si3N4 and PECVD SiN. With the test
structures at room temperature, the addition of hydrogen
resulted in maximum selectivities of 38:1 and 12:1 for
LPCVD Si3N4 and PECVD SiN respectively. A further
advantage of hydrogen additions is that high polysilicon
etch rates were maintained when using the hydrogen
additions.
Clearly adding hydrogen to the XeF2 vapour etch processes
mitigates the proximity effect, and thereby creates new design
and fabrication possibilities for MEMS and NEMS devices.
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The bridge structure has a number of advantages over 
alternative architectures  It is less prone to stiction issues during 
scanning, enabling a robust extraction of the 1D etch front 
propagation   In addition, it gives less noisy deflection 
measurements compared with other designs such as the 
cantilever structures of [3]   Finally each scan should have the 
format shown in figure 5 thereby confirming the correct 
operation of the test structure  
For the initial investigation, bridges with lengths of 100 µm, 
200 µm and 300 µm were employed   The measured etch 
undercuts and selectivities were found to be independent of the 
bridge length  However, the alignment of the shorter test 
structures for the automated profilometer measurement of 
multiple test structures becomes very time-consuming   A bridge 
length of 300 µm was selected as it requires minimal wafer real 
estate for the test structure, while the layer thicknesses between 
200-500 nm can withstand the vertical and horizontal 
displacement during measurement  The 5 µm trench width 
between bridges enables the tip of the profilometer stylus to 
measure the full depth of the trenches and simplifies the 
photolithography    
B. Layer Configuration 
The test structure can be used to measure the selectivity of 
various materials in close proximity  For example, figure 3 
shows the fabrication process flow for a test structure used to 
determine the etch selectivity of polycrystalline silicon versus 
silicon nitride in XeF2 vapour etching  The structural layer is 
placed below the sacrificial layer, which allows the etch rates of 
the two materials to be determined with a single surface 
profilometry measurement   
In this example, the 500 nm thick silicon dioxide etch stop 
layer and the 210 nm thick silicon nitride structural layer were 
deposited using plasma enhanced chemical vapour deposition 
(PECVD) at low and high frequencies respectively  Silicon 
dioxide was selected as an etch stop because it is largely 
unaffected by the XeF2 vapour etch process while remaining 
stable at high temperatures  If the etchant used attacks silicon 
dioxide, a 50 nm thick platinum layer can be used as an 
alternative etch stop  The 450 nm thick sacrificial layer of 
polycrystalline silicon and 350 nm thick capping layer of 
aluminum were deposited using LPCVD and sputter deposition 
respectively   
Aluminum was employed as the capping layer, because it is 
not attacked by the XeF2 vapour process, can be sputter 
deposited and reactive ion etched, while its mechanical 
properties prevent fracture of the bridges during the profilometer 
measurement  Aluminum is not recommended as the first choice 
capping layer for hydrogen fluoride vapour etching, because it 
can fluorinate and the presence of the resulting particulates on 
the sample creates noise during the measurement   Instead, we 
suggest using copper as the capping layer for the hydrogen 
fluoride test structures  It is resistant to HF, does not fluorinate, 
and in contrast to polysilicon, the residual stress within the layers 
can be controlled by straightforward annealing processes  The 
stress control method will be briefly elaborated on in a later 
section of this work   
The remaining architecture of the HF test structure is very 
similar to the one for XeF2 and is displayed in figure 4  A 500 
nm thick PECVD silicon dioxide was used as a sacrificial layer 
along with a 250 nm PECVD silicon nitride structural layer  An 
etch stop layer is not required for the HF test structure because 
hydrogen fluoride does not attack the underlying silicon wafer   
 The patterning process is the same for both structures  A 
contact mask aligner was used to transfer the pattern from a 
chromium photomask into a 3 µm thick layer of photoresist 
(SPR 220 – 3 0) which was subsequently developed for 1 minute 
in MF-26  In the case of the XeF2 test structures, the trenches in 
the aluminum, polycrystalline silicon, and silicon nitride layer 
stack were reactive ion etched  In the case of the HF test 
structures, the copper was wet etched, and the silicon dioxide 
and silicon nitride were reactive ion etched  After the resist was 
removed, the wafer was diced into 90 chips with dimensions of 






Fig  6   Scattering electron microscope (SEM) images of focus ion beam (FIB) 
cut crossesctions of a  the centre of the 31 μm wide bridge  The polycrystalline 
silicon pillar has not been fully removed yet and prevents deflection of the 
bridge during profiling  b  The polycrystalline silicon layer of the 28 µm wide 
bridge has been fully etched  The bridge has deflected and is supported by the 




IV  INTERPRETING THE SURFACE PROFILE 
After the test structures have been scanned by the 
profilometer the resulting surface profile is used to obtain the 
undercut for the sacrificial and the structural layer  The 
measurement reading procedure is explained on the basis of test 
structures that were exposed to a xenon difluoride vapour for 40 
seconds at a process pressure of 9 Torr, with a nitrogen carrier 
gas flow of 100 sccm, at a temperature of 30°C  
 The resulting surface profile is displayed in figure 5  For 
these particular process parameters, the 30 µm wide bridge was 
the widest one that has been vertically deflected by more than 
450 nm (the thickness of the polysilicon) indicating the 
sacrificial material has been fully etched  The resulting undercut 
is 15 µm with an apparent etch rate of 375 nm s-1  The 24 µm 
wide bridge has deflected by 650 nm (the combined thickness of 
the polysilicon and silicon nitride layers), indicating the 
structural layer of silicon nitride has also been fully etched with 
an apparent etch rate of 300 nm s-1   This suggests an etch 
selectivity between the polysilicon and silicon nitride layers of 
5:4  Depending on the output format of the profilometer used, 
programming can be used to automatically extract the undercut 
data from the surface profile    
V  MEASUREMENT VERFICIATION 
The test structure measurements were verified using two 
different methods for the XeF2 etched samples  As the physical 
mechanisms underlying both the selectivity measurement and 
verification methods are the same in each case, it was not 
necessary to repeat this for the HF test structures   Firstly, five 
samples from a larger pool of chips, that were XeF2 etched and 
measured during the process calibration, were randomly selected 
and the capping aluminum layer removed  Energy-dispersive X-
Ray spectroscopy (EDX) was used to determine if the silicon 
nitride was removed at the bridge width indicated by the surface 
profilometry  In all cases, the EDX measurement agreed with the 
results of the surface profile  Secondly, cross sectional SEM 
images of etched structures confirmed that the polycrystalline 
silicon and silicon nitride were removed under the bridge, 
indicated by the test structure   
Figure 6a shows the 31 μm wide bridge being supported by 
a thin pillar of sacrificial polysilicon  Figure 6b shows the 28 µm 
wide bridge of the same test structure   In this case the sacrificial 
layer has been fully removed and the aluminum bridge is 
suspended above the silicon nitride layer  
 
 
VI  RESULT AND DISCUSSION 
A. Experimental Result 
A series of etch experiments was undertaken on a XeF2 
vapour etch tool, to characterize the performance of the test 
structures  The tool operates in a continuous flow configuration, 
constantly supplying the xenon difluoride to the etch chamber  
It has the capability to control the processing pressure, chamber 
temperature and enabls additional supply gasses to be introduced 
into the etch chamber   
The nitrogen carrier gas flows through a bubbler, introducing 
the xenon difluoride into the chamber  The xenon difluoride 
concentration within the etch chamber is inversed proportional 
to the carrier gas flow   An excerpt of a larger dataset is displayed 
in figure 7, with each of the 12 data points representing a sample  
They were etched at different process pressures, carrier gas 
flows and etch times at a constant temperature of 25°C  Eight 
test structures were measured on each sample  The average 
measurement and the etch parameters used are presented in 
figure 7 and the error bars indicate the standard deviation of each 
 
Fig  7    This example dataset presents the selectivity between polysilicon and 
PECVD silicon nitride  It is based on 12 samples with the layer configuration 
and design presented in section III  The etch parametes can be derived from the 
indivdual markers design  The etchant was gassous XeF2  
 
Fig  8 This example dataset presents the selectivity of PECVD  SiO2 over 
PECVD SiN  It is based on three samples, that were etch at a pressure of 11 
Torr at a temperature of 20°C  The HF, H2O and N2 flows were 61, 95 and 9 






Residual stress of the capping layer can result in faulty 
measurements because the bridges buckle and can not be 
displaced by the profiler stylus  Such a profile is displayed in 
figure 9a   This issue was observed for the copper capping layers 
during the development of the HF test structure, while the 
aluminium capping layer of the XeF2 test structure was not 
affected  Post vapour etch annealing of the HF test structures 
was experimentally investigated to resolve this issue   
As suggested by the literature [19], a strong response of the 
residual stress was observed for the temperature range of 160 – 
210 °C  The optimum process, an example is displayed in figure 
9b, was achieved when heating the sample to 170 °C for the 
duration of 60 seconds on a hotplate  In this process, the stress 
within the layer moves from tensile to compressive  Should the 
stress in the copper be non-optimal, then another successful 
approach is to scan the bridge array twice, first with a low 
downforce (< 3mg) to obtain the deflection of the narrow bridges 
and a second time with a large downforce (> 10 mg) to deflect 
the larger bridges   
The three remaining measurement issues are caused by sub-
optimal surface profiler settings  Firstly, mechanical destruction 
of the bridges can occur if the downforce of the surface profiler’s 
stylus is too high  In consequence, the bridges are ripped from 
their anchoring, adhere to the stylus and contaminate the tool  
Secondly, the stylus bounces off the bridges if the downward 
force is too low  This leads to a perturbed signal that resembles 
a positive bridge deflection up to 10 micrometres  A downforce 
of 2 – 3 mg yielded the best results for the samples presented in 
this study   
The measurement conditions identified in figure 10 result 
from a mechanical deflection of a narrow bridge caused by too 
high a scan speed  This has only been observed on bridges that 
were narrower than 10 µm at scan speeds higher than 40 µm s-1  
Hence robust measurements can be achived by reducing the scan 
speeds for samples were the accurate measurement of this 
segment of the test structure is essential   
VII  CONCLUSIONS 
This paper and  [16] have reported for the first time a bridge 
based test structure that can characterize the isotropic etch 
selectivity between two materials under realistic MEMS 
fabrication conditions   The test structure is designed to be used 
in vapour etch processes but can also be adapted for wet etch 
release processes   It can be employed to characterize a wide 
range of materials with the fabrication of the test structure being 
quick and straightforward  
 The measurement methodology has been demonstrated by 
HF and XeF2 etching of example stacks of layer materials, which 
may not be those that would be used in a commercial process   
However, they provide an experimental dataset that clearly 
shows that these test structures deliver coherent measurement 
information  The design can be employed in industrial MEMS 
fabrication processes, with the area required being small enough 
to be placed on production wafers   
The test structure can be easily adapted to accommodate 
different dimensional requirements  The measurements taken 
with this test structure are robust, because faulty measurements 
resulting from broken or contaminated bridges are evident from 
the profiler signal    Individual test structure arrays can be 
manually measured within 15 seconds  Large numbers of 
devices can be assessed by automating the process  For instance, 
an automatic measurement algorithm was used on the Bruker 
Dektak XT profilometer to measure the test structures reported 
in this study  Typically this can measure about 200 test structures 
within 2 hours     
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Appendix D: Process Recipes and
Runsheets
This appendix includes the runsheets that list the process steps and parameters used
during sample fabrication. Those runsheets refer to tool recipes. Those process
recipes for thin lm deposition and reactive ion etching are on the rst and second
page of this appendix. The following 7 documents are clustered in this appendix:
• Process recipes thin lm deposition






• Runsheet HF TS - SiO2: SiN
• Runsheet HF TS - SiO2: Si3N4
• Runsheet HF TS - SiO2-Ref
• Runsheet HF TS - SiN-Ref
171
Process Recipes Thin Film Deposition
Plasma Enhanced Chemical Vapour Deposition (PECVD)
Low frequency SiO2 (PECVD-SiO2)
Gas Flow Rate [sccm] RF Power 380 Khz 60W
N2 392 Platen Temperature 300°C
SiH4 12 Showerhead Temperature 250°C
N2O 1420 Pressure 550 mTorr
Low Frequency SiN (PECVD SiN)
Gas Flow Rate [sccm] RF Power 380 Khz 60W
N2 1960 Platen Temperature 300°C
SiH4 40 Showerhead Temperature 250°C
NH3 20 Pressure 550 mTorr
Furnace Deposition
Low Pressure Deposition of Si3N4 (LPCVD)








Target Copper Power 1000W
Voltage 474V
Gas Flow Rate (sccm)
Ar 50
OPT Aluminium Sputtering
Target Aluminium Power 1000W
172
Process Recipes Thin Film Reactive Ion Etching
Reactive Ion Etching 
JLS RIE 80 - Recipe 21 (Used to etch SiO2)
Gas Flow (sccm) RF Power 200W
CHF3 17.7 Bias Voltage 426V
Ar 20 Pressure 20 mTorr
JLS RIE 80 - Recipe 4 (Used to etch Si3N4 and PECVD SiN
Gas Flow Rate (sccm) RF Power 150W
CF4 60 Bias Voltage 304V
O2 4 Pressure 20 mTorr









